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T, SUMMARY

An investigation of the anodic electrochemical behavior of the
water vapor electrolysis cell was undertaken. A theoretical review of
various aspects of cell overvoltage is presented with special emphasis
on concentration overvoltage and activation overvoltage. Other sources
of overvoltage are dascribed in less detail. An understanding of these
electrochemical fundamentals is of primary importance.in explaining the
experimental results of this work.

The actual water vapar electrolysis cell consists of a bright
platinum anode screen jmmersed in .a thick, viscous sulfuric acid silica
gel electrolyte. The cathode was a.gray platinum screen and the refer-
ence electrode was a mercury-mercurous sulfate sleeve junction electrode,
A humid air stream flowed over the anode assembly, and water was absorbed
from the airstream by the high concentration sulfuric acid. Although the
major investigation was performed on this cell, results arc compared to
the current-voltage results of a "free electrolyte" cell, using only
sulfuric acid as the electrolyte,

The experimental apparatus controlled and measured anode
potential and cell.current. Potentials between 1.10 and 2.60 V (vs NHE)
and currents between 0.1 and 3000 mA were investigated. Different be-
havior was observed between the standard cell and the "free electrolyte"
cell. The "free electrolyte" cell followed typical Tafel behavior (i.e.
activation overvoltage) with Tafel slopes of about 0.15, and the exchange
current densities of 10_9 A/cmz, both in good agreement with literature
values. The standard cell exhibited this same Tafel behavior at lower
current densities but deviated toward lower than expected current

densities at higher potentials. This behavior and other results were
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examined to determine their origin. After a onc by one elimination of
possible explanations (e.g. concentration polarization, IR losses, and
adsorption), a theory of "oxygen entrapment' was shown to be compatible
with experimental results. This included the results of this work and
the results of others, especially Bloom's work (69) on cycled operation
(i.e. turning the cell "on," "off," and "on" again). Considerable.. ...
jndirect evidence is presented for proof of the "oxygen entrapment"
proposition which states that evolved oxygen is trapped on the electrode
surface by the thick gel electrolyte and this reduces the area avallable
for electrolysis. Much of the discusstion of this theory revolves
around the ease of removal of the trapped bubbles and the subsequent

changes 1in surface coverage.

Some limited direct evidence for the existence of trapped oxygen

is presented although it 1s not entirely conclusive. Recommendations for

future experiments suggest work on investigating the nature of the

trapped oxygen.

BTy
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17, INTRODUCTTON

Of the several oxygen producing life support systems investi~-
gated by NASA, the watexr vapor electrolysis cell =111l remains a strong
possibility for actual use in outer space. The water vapor electrolysis
cell operates by absorbing water from a passing humid air stream and
electrolyzing the water into gaseous oxyget and hydrogen. The oxygen is
inhaled by astronauts and 1s excreted as water vapor by breathing and
perspiration, is water is subsequently electrolyzed again and the
cycle is complete. Recycle oi oxygen avolide the necessity of storing
large quantities of oxygen for extended space flights.

The water vapor electrolysis cell is attractive from several
standpoints. Possibly the foremost advantage is its zero gravity
characteristic. By maintaining the .electrolyte in the form of a thick,
viscous gel the cell can be used easily under zero gravity conditions.
By using concentrated sulfuric acid . in the gel, a gradient exists for
the absorbtion of water from a passing air stream.

The major disadvantage of the water vapor electrolysis cell is
its power requirement. At the present state of research, a small decrease
in the power requirement would make the water vapar electrolysis cell
even more attractive for actual use in cuter space. Therefore, research
ditected at determining the major componeunt of the cell overvoltage is
of primary importance. By identifying the major souvce of power con-
sumption, research can be directed toward improving that particulat
aspect of the rell. Previous studies (8, 13,14) have produced cenflic-
ting results as tec the majer cause of the large trequited cell voltage.
Moteover, these studies have produced other snomalous rosults regarding

cell operation which must be explained ip order teo exactly describe the

[l
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behavior of the water vapor electrolysls cell.
Whereas previous work has primarlly jnvestigated the physical

behavior of the water vapor clectrolysls cell {e. g, beat ond mass

transfer), this work attempts to explain the electrochemical behavlor.

————— e
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I11. STATEMENT OF PROBLEM

Prevlious studies (8, 13,14) ol the water vapor electrolyails
cell have produced some contradictory and unexplained resulfs. 1 was
the purpose of this thesis to investigate this cell from an electro-
chewistry perspective so that more understanding could Le given ro
previous claims about the behavior of the cell. 1In particular, there
have been contradictory statements regarding the patvre of the large
observed cell overvoltage. Some claim that this overvoltage is due to
electrochemical kinetics, Others claim that rhe large obsrrved over-
voltage is due to mass transfer phenomena. It was the direct task of
the experimental work of this thesie to settle this dispute. The
experimental analysis consists of measuvement of cell current and anode
potential. The nature of the cell's overvoltage is described by the
relationship between curvent and potential, as will be shown in the
"Electrochemical Theory" section of this thesis. Comparison of experi-
mental results with literature findings further aids proper interpreta-
tion of the experimental data.

Another rask of this work was to apply the understanding of
the electrochemical behavior of the water vapor elect rolysis cell to
other unexplained phenomena reported in previous stud.es Of foremoss
concern was the unusual behavior .of the cell observed by Bloom (6%)
during cvcled operaticn. Here, cvcled operaticn of the cell is tvrning
the cell Mon", then "off", then "ou' again, Bloom nbserved that this
type of operation had 2 beneficial effect on the power requirements of
the cell. Morveower, Bloom feund that there were optimum values of the
"on'' and "of " parameters. Many cther expetimental observations from

previcus studies weve also kept in miund during the work on this the<. 5.

S A -
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These are too many to be descrlbed here, but will be deseribed in detail
in the "Discusslon" sectlon of this work,

Finally, recommendarlons were to be made as to what can be donc
in future work to fully determine the behavior of the vater-vapov

clectrclysis cell,

- Wy
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IV, BELECIROCHUEMICAL THEOKY OF THE GENERALIZED REAGTION: Ox + ne = Red

Concepta and equarions arve developed here Loy the generalized
redox electrochemical reactlun, cxidized form + stoich.omerric number of
electtons = reduced form (Ox + ne = Red). These conceprs and equations
can be vsed experimentally to investigate sucli reactions} in particular,
the water vapor electrolysis reacticn will later be investigated using
an understanding of the fundamentals presented here.

First, the thermodynamic and equilibrium relarionships ace
investigated and electrochemical kinetlcs are discussed. Finally, an
assortment of other factors are presented.

A. Thermodynamic and Equilibrium Pelationships.

Consider the eleectrochemical rezction
aA + bB + ne = cC + 4D {1}
where 1 is the stoichiometric number of moles of component L and n is
the total number of electrons involved in the reaction. The Gibbs free
energy change for the reaction is
AG = AGY + RT 1n [acc o)t 1 a%, aBbj 12)

In the above equation

AC = change in Gihbs free energy due to reaction, cal/mol
AG®= change in Gibbs free energy due to reaction with

all constituents in their standard states, cal/mol
R = gas law constant, 1.98 cal/mol - K
T = absolute temperature, K
a; = activity cf compenent I raised to the ith power.

Since the reactlon takes place at an electrode surtace, the
activities of the reaction const.tvents are thuse at the electrode

surface.

.
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The Gibbs [rce enerpy change is related to the equilibrium

potentiall of the cell by:

AG = -n Te (3]
where
t. = equilibrium cell voltage, volt
n = numbecr of equivalents o! reactants converted in the
reaction as wricten
F = Faraday constant, 23060 cal/volt-equivalent

nf = charge flow accompanying reaction as writeen,

coulomb (converted to cal/volt)

k,
&
The equilibrium potential of the cell is, then
. _ wo _ RT c d a b!
\ £, = E oF 18 lac ap / a, aBJ (4]

where E° is the standard potential of the cell. The standard potential

‘The differentiation made by Vetter (79) between three types
of equilibrium potentials will b« adopted here.

1. Metal/ion potentials, created when ions of the same metal
are bound to different ligands in two phases which are in
equilibrium with each other. For example, copper ion bound
in copper metal and hydiated (or complexed in an electro-
lyte.)

2. Redox potentials (vxidatilon-reduction potentlals), created
when the two phases exchange electrons with one another and
whereby the electrons of both phases are in equilibrium,

3. Donnan and membrane potentials, created wien several typcs
of lons, which may be in the same or different valence
states, are present in both phases) ot these at least one
type must be able to past through the boundary (by mechan-
ical means, =uch as bonding by ton~exchangers). The .scns
capable of passing lrom une phase tc the other must bhe
bound In the same manner in both phases (for example, they
must be hydrated in both phases).

Study of the water vapor electrolysls reaction invclves c¢nly
the use ol redox petentials.
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is simply the equilibraium potential whep all activities are made unity.
For each electrode E° 1s a chara:teristic standasd potential which is
referenced to the normal hydrogen electrode (N4E), arbitrarily set at
0.0 volts. The above equation, commonly called the Nernst equation, was
thermodynamically derived, and is an expression of electrochemical
equilibrium.

The equilibrium cell potential is defined as the potential of
the cell when no net current flows, 1.e. he ancdic and cathodic
currents identically compensate for each other. This state must be
attainable from both directions, a requirement analogous t¢ that of
thermodynamic reversibility. This latter restriction takes care of the
case of extremely slow kinetics where essentially no current flows in
either direction.

For a redox system the metal _lectrode acts only as a source
or sink of electrons. The metal electrede is therefore completely inert
in the reaction sequence.

1. Kinetic and Non-Equilibrium Potentials.

When a net current flows in an electrochemical czell, the
potential is different from the equilibrium potential (1.e. when no net
current flows). This difference, E-F., is defined as the overvoliage.-
There are several possible causes of the exlstence of . pirticular
overvoltage. These can best be explained by examining the net process
by which an electrochemical reaction occurs.

Consider the general redcx reaction:

Ox + ne = Red [5]

"

-t




where Ox 1s the oxidized form of the electroactive species and Red 1is
the reduced form. VFollowing the simplified approach of Adams (2), this
reaction is actually compased of three consecutive individual processes:

(0x) +(0x)

bulk elecrrode i61
(Ox)electrode *ne ﬁ(REd)eleccxode i71]
(Red)electrode +(Red)bulk (81

These equations actually represent a series of reaction steps.
The first equation is a mass trvansfer process and the second equation is
an electron or charge transfer process. These processes have finite
rates and determine the actual reaction rate (1.e. current}.

The mass transfer process can occur via three common
mechanisms: migration, convection, and diftusion. The migration currant
results from the force exerted on a charged parvicle by an electric field
(e.g. negative ions being acttracted to a positively charged electrode).
In a large excess of supporting electrolyte, the migration current i3
negligible.

Convection occuis as a retult of thermal, mechanical or orher
disturbances. Commcn examples are stirring, vibration, and density
variations. Diffusion current occurs when there is a concentration
gradient ot the species which 1is being ceduced or oxidized.

The clectron or charge transfer step is the electrochemical
reaction itselft. The rate of electron transier is an exponent ial
tunction of the applied potential.

Overvoltage resulting fiom the mass transfcr rate determining

process is often called ditiusion cr concentration cvervoltage. Overs

FES

L. .
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vwoltage resulting {rom electron transfer as the rate determining process
is called activation overvoltage or charge transfer overvoltage.

Mass transfer and electron transfer processes will now be
discussed in detail The appropriate equations will be derived whereby
the important variables (i.e. curvent, voltage, concentration, and
temperature) are related.

B. Mass Transfer Processes

1f the rate of an electrochemical reaction is determined by the
rate of mass transfer to the electrode surface, this reaction is often
called reversible or Nernstian. This terminology results because the
Mernst equation applies to the cell conditions at the electrode surface,
i.e. the electron transfer is fast, hence electrochemical equilibrium is
established at the electrode surface. The actual current is limited by
how fast the oxidized or reduced species can reach the electrode surface.
Mass transfer controlled processes are sometimes referred to as reversible
processes. Conversely, a process which is controllied by electron
transfer and where the Nernst equation does not apply at the electrode
surface ig often called an irreversible process. Charge transfex
controlled processes therefore are sometimes referred to as irreversible
processes,

1n general, the particular equations which relate current,
voltage, concentration, etc. in mass transfer controlled processes
result {rom the particuvlar mode of transport and the particular geometry
of the cell. In nther words, the equations describing linear diffusion
to a spherical electrode are different from thuse describing hydrodynamic
transport past a wire electrode. Each particular cane of mass transpert

must be solved separately. The case ol semi-infinite linear dif fusion
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to a plane electrode surface will be discvased here in derail. Other
cases which have been solved will be listed with references.

1. Semi-infinite Linear Niffusion to a Plane Elecdtrode

Surface at Constant Voltage.

Consider the cathodic reduction
Ox + ne = Red 5]
where- the concentration of .the oxidized form in the bulk phase is ng.

Similarly Cb is the concentration of the reduced form in the bulk

¥ Red
; phase.
g;s According to Fick's second law, one can write
_f . -
_ ]
= 9 Cox (x,t) ) 9 la COx (x,tﬂ
. = Dy, * [9]
- dt 9% L 9 x ]
- for the oxidized form of the electroactive species and
_; C, . (%,t) d [a C, ,(x,t) |
= Red - ——pRed | Red l [10]
3t 3 x Wi ? x |

for the reduced form. In these equations x is the distance from the
electrode surface, t is time, and D, and D are the diffusion

0Ox Red
ccefficients of the oxidized and reduced forms respectively. The
diffusion coefficient is a function of concentration and consequently
X, but in the presence of a large excess of. .supporting electrolyte the
diffusion coefficient. can be considered to be {ndependent of x. Hence
the above equations cau be written

2
0 Cox (%x,t) ] COx (x,t)

e = Dox _—
dt 3 x°

(11]

for the oxidized form. An analogous expression exists for the reduced
form Two initial and two boundary conditions are required for solution

of these equations., The inftial conditions are: COX(X,U)=COwb and
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CRed (x,0) = 0 if the reduced form 1lg not present before electrolysis.
The first boundary condition 1s decived from the Nernst
equation. Since electrochemical equilibrium is assumed at the electrode

surface,

E= (g,) = E° + [12)

uF I'Red CRed (O’t)J -

51,1 lFOX COx (0,t)
where F's are.the activity coefficients.

The second boundaiy condition is derived from the conservation
of mass, i.e. one mole of the reduced form is produced by transformation

of a mole of the oxidized form. The sum of the fluxes of the oxidized

and reduced forms at the surface is equal to zero,

b
. 3 Cox(x,t) ‘D 9 CRed(x,t) -
ox ax =0 Red ox X =
L [13]
Finally, for semi-infinite conditions,
b
COx (x,t)> C as x + @ [14]
and
CRed (c,t)+ 0 as x - oo, {151

Solution for the concentrations of the oxidized and reduced

forms yields:

X
. Poterf lz D0x1/2 ¢ 1/21
Cox (%2€) = Cpy 1+ 90 [16]
and ® )
. J erfc - 172 . 173
C (x,t) = C Red (17}
Red Ox 7 w0 —_—
where
1/2 .
% [Dox/DRed] {18} '

. 30
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and

Coy ©:0) i Fred exp IBE_ (E-E")
©,1)  Foo | RT

i

A=

CRed

The most useful expressions of the above

)

|
|

equations are those

' [19]

which give current (i.e. reaction rate) as some function of potential,

or vice-versa. The above relationship for the concentration profile of

the oxidized form can thus be transformed:

14

1+ ye

(20]

which, upon propevr substitution 1is equivalent to the following

equation:
p v P N
E=E° - BT 1n EBEQ— 295—-112 + 2L qn
nF Fox Dred nF

I
T [21]

Tn the above expressions id is the maximum diffusion current

possible, i. e. when the concentration of the oxidized species at the

electrode surface is essentially equal to zero and the maximum concentra-

tion gradient exists. The current-voltage relationship for the reduction

reaction is giveun graphically in Figure L.

Qualitatively in Figure 1 one notices the existence of a

limit ing current, id The limiting current is rvear
where the term

D,, /2 Fg o
F P RT

T (E-E )
Red Red

v =

“hed-at pctentials

becomes small. 1In cother words, as the potenrial becomes more negative

with respect to the standard potential, E , the (cathodic) reduction of

the oxidized species reaches a limiting (rathodic)

cur rent The

opposite holds true for the veverse (i e. oxidization) reactien, The

cathodic 1imiting current is directly proportional

to the concentration

#nt
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of the cxidlzed form; simila:ly, the onodic limiting currendl 1S directly
proportional to the concentratlon of the reduced furm In general, for
211 diffusion controlled processes, the limiting current 1s directly
proporrional te the bulk concentcstlomn of the electroactive species.

Note: In Figure 1, rthe current ratio i/id is plotted

RT
Ve T SUs El/Z 2.3 oF

El/Z is called the half-weve potential, as Equation 21 can
be rewritten
i
B RT d - i )
E = E1/2 top o 122]

The half-wave potential is defined as the potential at which

i = For many situations El/Z is a characteristic constant of a

i ®
d/f2
particular system. By taking the second derivative of vhe current-

voltage equation E”2 can be shown to correspond to the inflection point

of the eurreant-voltage equation-

Finally, many redox reactions ate represented by the form:

+ .
Ox + mH + pe = Red + Z HZO° 1 23]
ln this case _ .
. E_ il /2
E o, = E° +m %%'ln a, t - E% in FEEQ| BQ& [24])
L/ n ox 1| Red!

N

2. Semi~infinlte Lipnzar Diffusion to a Plane Elecirode:

Centinuously Changing Voltage.

A constant voltage electrcchemical process refers to a steady
state process. In partice, depending on the parvicular physical
properties of the electrovactive species, steady state measurements <an
be made while changilng the potential vecy slowly  Jullan and Ruby (49)

found current=potential cucves in agreement with the constant voltage
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equat fons derived ahove for sweep rates up to 40 mv/min. This maximum
sweep rate was recommended for a platinum-wire electrode In an unstirred
solution.

One can obtain unsteady state behavior by varylng the voltage
at a constant rate such that

E =_Ei - vt [25]
where Ei is the initial potential and v is the sweep rate in volts/min.
In practice if v is 200 mv/min or greater, unsteady state behavior will
he observed.

For the case of semi-infinite linear diffusion to a plane
electrode, equations can be derived similar to that obtained above for
the constant voltage case. Only important .results together with a
qualitative description are presented here.

One finds that the current-potential- curve reaches a ma Ximum
current and then decreases. In the constant voltage case, recall that
the current reached a maximum value and maintained that value. TIn the

cagse of constantly changing potential a peak value of the current is

reached which is given by

ip =k 3/2 A Doxllzcoi v1/2 [26]
where

ip = peak current, amps

A = area of electrode, cm2

v = rate of potential change, V/min.

k = Randles-Sevcik constant.

The important characteristics of equation 26 are:

1. The peak current is proportional to the bulk concentration,
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2,  The peak current is proportional to the sweep rate 1o

the onc—half power,

A typlcal example of the peak current characteristic is given
in Figure 2. f

Delahay (20) glves an excellent quatitative explanation ol the
existence of the peak current phenomenon.

"1njtially the rate of the electrochemical reaction is so low
that virtually no current flows through the cell. As the voltage varies
in the proper direction, the rate of electron transfer at the electrode
increases, and the current increases accordingly. The substance react-
ing at the electrode is progressively removed from the solution in the
immediate vicinity of the electrode, and this tends to decrease the
cutrvent. This effect of depletion becomes progreéssively duminant, and
"

the current-pctential curve exhibits a maximum

3.0ther Mass Transfer Controlled Systems

Many electrochemical systems which have mdss transfer rontrolled
reaction rates have been investigated These systems can be divided inte
"quiet" solutions and stirred solutionms. Quiet solutions are those in
which diffusion is the principle mass transfer process. Several quiet
systems for which the current-voltage characteristics have been solved
are listed below.

1. Semi-infinite spherical diftusion (57)

2. Semi-infinite cylindrical.diffusion (21)

3. Diffueion toward an expanding sphere (52)

4, Cylipdrical diffusion with a constantly changing potential

(68)

The current-voltage characteristics of several stirred solution
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systems and systems wlth moving clectrodes have been investigated,
Some of these are listed bclow.
i. Rotating disc electrode in the case of laminar
flow (59)

2. Plane electrode in the case of laminar flow (60}

3, Limiting currents for turbulent f{low (61)

4., Rotating wire electrode (78)

5., Rotating mercury electrode (58)

Electrochemical literature concerning stirred solutions is
replete with the concept of the Nernst diffusion layer  Essentially,
this- is a theory which proposes the existence of a small stagnant
diffusion layer (order of 5 x 10 -3 cm) at the electrode surface. A
linear concentration gradient of the electroactive species is assumed
across the completely still diffusion layer. Both of these assumptions
have been shown to be grossly incorrect {(7); nevertheless, the concept
of a diffusion layer proves to be a useful one. This concept (the
diffusion layer) can be used to predict the effect of speed of rotation
of the electrode and.bulk concentration on the limiting current. The
relationship between the limiting current and the speed of rotation is
often given in the form:

Year® [27]
where r is the speed of rotation (rpm) and a and b are constantn.

C. Flectron Transfer Controlled Processes

If the kinetics of apn electrochemical reaction are rate
determining then this 1s called an.cleciron or charge transfer process

The equations governing this process arte devaloped below.

sret
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The electrochemical redox reaction
Ox + ne = Rad 151
ie assumed to have First order kinetics,

Hence

o 0x _ Kk c = _fEBEQ =k C
dt f,h "Ox dt b,h “Red (23]

where
N x = flux of oxidized species, mnles/cm2
Np g flux of reduccd species, moles/cm2
kf,h= forward heterogenous tate const., cm/sec.
ke = backward heterogeneous rate const., cm/sec.

3

and COx’ CRed’ and t have their usual significance.

The cathedic current is obtained by multiplying the rate of

reduction of the oxidized form by the area and- the charge required (to

reduce one mole of the oxidized..form). Hence

dNOx
o T4 {nFA) - kf,hCOx (nFA}. [29]
Similarly, one can write for the ancdlic current:
dN
P Red - _ ;
la ar {nFA) kb,h CRed (nFA) . [30]

The net current is simply the sum of the anodic and cathadie

currents:

1=1 +1 [ 31]

or

i-= kf,h Lﬂx nEa ~ kb,h CRed aFA. 142])

The rate constants are exponeptial functions of the applied

potential. These are given fn lguattens 33 and 34 below:

Coogal
k = k- exp |- U2 5 i33]
R Ty
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and _
C e {l~a) nTF 4
kyoh = Ebon "'XP{ RT g [34]

where kf°'5 are the rate constants at E = O versus the normal hydrogen
electrode.

'The postulate that the reaction is an exponential function of
the applied potential was first formulated by Eyring (32) from the
absolute reactlon rate theory. This postulate was further verified in
a quantum theoretical treatment by Gerisher (30).

Alpha, o, is a constant called the transfer coefficient.
There 1s considerable controversy over the physical significance of the
transfer coefficient. The most common interpretation is that the
fraction of the potential aE favors the cathodic reduction reaction and
the fraction (l-0)E favors the anodic oxidation reaction. Typical values
for o are between' 0,15 and 0.65, most values of the transfer coefficieat
being close to 0.5.

At the equilibrium potential there is no-net current and

hence,
ke Cox OFA = Ky, 5 Greg PFA (351
and .
ke h Cox ©¥P }t’ %E et = Ky b Crea *P l-(;'r - Eef,
{36]

It is a simple matter to reduce this expression to a statement
of the Nernst equation. Note here that there are cathodic and anodic
currents at the equilibrium potential; however, the cathodic and anodic
currents identically cancel each other. The value of the cathodic ( or

anodic) current density at the egullibrium potential is called the ex-
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~hoange current density, I. The relaiive magnitude of the exchange

current density is often used In Jdeterwmine the zatalytic activity of a

particular electrode material: the higher the activiry, the higher the

exchange current density.

A combipatinn cf equations ylelds the equation:

, i [ o nkF )
i = nlFA ks,h']COR exp | = TR (E -E“U

\

- CRed exp [

{1-o)oF _ ;
RT (E e,)] i (37]

where ks js the standa:zd +ate constant at the equilibrium potential.
3

A still more common expression of the current-voltage relationship is

r hY ( 1
- onf n | _ _ (O -o)nF nl
1= 1, 9exp ]LR'I‘ J exp | RT | [38]

where n is defiued as the nvervoltasge, 1. e. nn = B - £,
This equation can be written in the following simplified form:

1=, @A BN (391

where A and B are constantz. Tt is easily seen thar as E varies in the
~fn Bn
' )

proper direction one componert cf Rgn.39 (i-e. either i.e or 1. e

becomes large while the other: becomes small In general, if the porential
is more than nglg volts different fiom the equilibrium potential the
current will be either 99% cathodic ot 99% anodic Therefore, at large
positive or uega-ive valuves of the overvcltage, n is a logavithmic
fonction of 1,
n=a+blogi (40}
Such a plot of n versus lcg 1 is known as a Tafel plot and b

1s known 9s the Tafel slope in geneval, if a Tafel plot (i.e. a piot

of n ve log i which yields a <traight line) ie obtained from experimental

data, thea it can be ronciuded that the overvnltage is charge transic:
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overvoltage. Furthermore, extension of the Tafel line ton = 0 ylelds a
value of the exchange current density. Often the slope of the Tafel line
is characterisric of a certain type of mechaniim, e.g. 1f b = .12, then
a one-eclectron transfer step is often assumed to be rate determining.
The value of the Tafel slope alsc yields a value of the transfer coef-
ficient, «.

Equation 40 is very important in.electrochemical studies.
Tafel plots are powerful analytical tools for .determipning the nature of
electrochemical cell overvoltages. This type of plot is used extensively
in the analysis of the experimental .results presented in this thesis.

D. Other Factors Influencing Current-Voltage Relationship.

Unfortunately, the world of electrochemistry is not governed

solely by the Nernst equation, diffusion overvoltage, and charge-

- transfer overveltage. There are many complicating factors which come

into play; some of these are more dominant under certain conditions than
under other conditions. In many instances, these other factors can be
¢afely overlooked.- Nevertheless, it 1s necessary to understand what they
are. where they derive from, and hew significant they are. These other
factors include other sources cof overvoltage and other sources of
potential drop. These factors are discussed below in a less-than-
rigorous fashion.

1. Reaction Overvoltage,

Reaction overvoltage exists when a eepa.ate chemical renrtion
is the vate determining step in the overall electrochemical reaction.
Tn othet words, if an electroactive species must undergo a chemical
reaction which has a much smaller rate constant than the other partia’

rate processes, (e.g. diffusion or electron transfer), then there exlsts

rrs
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reaction overvoltage. By definltion, a chemical reaction is independent
ol the applied celld peteotial,
Vetter (80) gives a quantitative expression for the reaction

overvoltage:

R ad)
n=vis In 5 [41]

where v is the stoichiometric factor of the reactant - pecies being
produced or consumed by a particular partial electrode reaction. ais
the activity of the substance at equilibrium. The activity, a(i), is
the activity of the substance at any current density, 1. Reactisn over-
volatge is generally accompanied by diffusion since the activities of
the species are changing. However, the concurtent diffusion overvoltage
is generally very small. in the literature, reaction overvoltage plus
difussion overvoltage is called concentration overvoltage.

A distinction is made between homogeneous and heterogeneous
reaction overvoltage For a homogeneous trate-limiting step, the over-
voltages will be independent of the properties and state of the electrode
surface. Conversely, a heterogeneous chemical reaction process will be
highly depeodent on the propetties and state of the electrode surfare.

Io practice, the existence of & dominant reaction overvnltage
i1s rare, although there are deflinlte cases where it does exisL, e.g
HNO . /HNO, redox electrode and the cathodic generation of hydrogen.

Although reaction overvoltage does not play a role in the <tudy
of water vapor elertrolysie, {t is nevertheless worthwhile 1o be aware
of its existen~e 1in this presentation of the generalized ele-rro-
chemical reaction

2, Crystallization Overvoltage.

Since this paper deals almost exclusively with vedox reactions,
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no discussion of crystallization overvoliage 1s presented here, as it
occurs only at metal/ion electrodes. Crystallization overvoltage is

"ad-atoms"

related to the difficulry 1n the inclusion or release of
into and from, respectively, the lattice of the solid metal electrode.
Quantitative expressions of crystallization overvoltage have been de-
veloped and are presented by Vetter . (8l). As in the case of reaction
overvoltage, crystallization overvoltage plays no part in water vapor

electrolysis.

E. Other Sources of Potential Differences.

1. Electrical Double laver.

At an electrode which is positively charged an adjacent layer
of negatively charged ions will form. This layer of ions is characterized
as compact or diffuse, depending on the relative concentration of ionic
charge near the surface of the electrode. For any other negative ion
diffusing or migrating to the positive electrode surface, a repulsive
force will arise between the negative ion and the negatively charged
layer of ions. The existence of the two layers (i.e. the positively
charged electrode surface and the surrounding layer of negatrively charg-

ed ions) is called the electrical double layer. See Figure 3.

+ [0
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Figure 3. ELECTRICAL DOUBLE LAYER
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he electrical double layer is charactevized by the double
layer capacitance, Cdl and the double layer zeta poteatial, 7. Vetter (82)
gives quantitative expressions to evaluate these parameters. Experi=-
mental values of the double-laver capacity of bright platinum lie
between 10 to 40 LF/em?®., The actual value depends on the electrolyte,
its composition, and the potential. 1t can be shown that for electro-
chemical cells operating at relatively large current densities (e.g.
> 107% A/cm?), . the effect of the electrical double layer is negligible.
also, at high concentrations (e.g. > 10~° M) of the electroactive species,
the capacity current, i. e., due to the double layer can be neglected.
On the other hand, at low current densities one cannot neglect the double
layer. Because studies of water vapor electrolysis are carried out in
aqueous solutions (water being a concentrated electroactive species),
the effect of the double layer can be neglected. This is true even at
low current densities.

2. Ohmic Drop

The actusl potential of a particular system includes the ohmlc
drop due to the resistance .of the cell and connections. The ohmic drop
is simply equal to the product of the total resistance and the cell
current. In general, the resistance of the cell and connections is of
the order of 100 ohms and the net contribution to the overall potential
drop can most often be neglected. Usually, selection of a supporting
electrolyte of high concentration assures a minimal ohmic drop.

The net potential drop, Er’ is given simply by

E, = E + IR [42]

where E is the initial potential and R the total resistance. In

practice, however, the potential is often varied as a linear function
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of time, v-t. where Vv is the sweep rate Ln volts’/min, Since, the
current'L is a function of the potential, ¥, the actual potential
dependence on time can be complex if the ohmic drop is not small,
Delahay gives an approximate mathematical interpretation (22}.

At-high currents, when the contribution of ohmic drop is
gignificant, current-voltage curves must be corrected to account fer
this IR drop. A measureable [R drop occured in the experimental work
of this- thesis and an analysis of the data includes corrections for these
ohmic losses.

3. Liquid -~ Liquid Potentials.

A common: complicating factor in electrolytic cells is the
potential difference which exlsts at the contact zone between fwo
different elect-olytes. This is cften the case at the coutact zone
between- the cell electrolyte aad the reference electrode sclution,
This added potential differemce must be taken into-account, as it can
be velatively large. The pot:ntial which exists as described ab:ve is
called the liquid ~ liquid juaction potential, EL-L'

The general .expressica for this potential is:

n

Rr S : ,251
EL—L = F"jﬁl Zj d 1n aj (43
aj,l
where aj.l is the activity of tle jth species in phase 1, tj is the

transference nutber of the jtj species, and Zjis the charge number of the

jth species. ‘The transferenc: is the fraction of current carvried by the

th species. Tae exact soluticn of this equation depends on the par-

ticular charactariztics of th: diffusion zone.

In tha gpecial case cf a 1lquid junction potentiul at
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different concentrations of the same diesolved specles, the ahove

equation can be- simplified to gilve:

i a
Bl ~ B% 2 El In 3 <
J »1 f441

This equation 1s commonly called the Henderson equation.

By placing a common ionie solution between two different
electrolytes, one can greatly reduce the magnitude of the liquid -
1iquid junction potential. This is frequently dene in practice by
insertion of a concentrated KC1 solution “salt bridge" between the two
electrolytes. Vetter (83) gives the correspending eqguations.

Awareness of the 1iquid - liquid potential influenced the
selection of a proper reference electrode for the experimental work of
this thesis. - Details of this particular problem are given later.

4, Adsorptionm.

Ralph Adams has written a recent text on the electro-
chemistry of solid elactrodes (1). 1In.the preface of- the text he writes,
“"Also, more important to the concept of the book, there-is no organized
treatment of adsorption phenomena. Critics may well ask, '"How ....can

one write a book-on golid electrodes and uot adequately treat adsorption?’

... Unlike some, I do not feel that adsorption is the single, most
important part of every electrcde reaction ... When adsorption processes
are better understood, and particularly when thelr role in the overall
electrode process can be assessed better, then these discussions can be
properly modified ..."

At this point in tiwe, reliable quantitative expressions of

the- ef fect of adsorption on current-voltage relationships are still non-

existent. In fact, recent publications (13, 16) have shown that previous

pe
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Interpretations of adsorption phenomena at solid electrodes are often
il1l-founded. Conway (16) has concluded that in "complex anodic reactlons
it seems, therefore, that the method (i.e. potential) sweep must be
applied with caution and that only qualitative or semi-quantitative
kineric and coverage information can be derived,"

ln general, a current-voltage curve will exhibit a leveling
oif of the current at the potentials where adsorption is occurxring on the
electrode. Depending on the magnitude of the potential sweep rate,
"adsorption peaks" may ~ven be descerned. Figure 4 gives typical ex-
amples of adsorption processes.

Adsorption processes generally occur at potentials preceding
the potentials at which the kinetic currents occur. This is so because
the adsorbed intermediates often act as the new catalytic surface at

which the electrochemical reaction occurs.

(a) {b)

- B>
Adsorption causing constant Adsorpttion causing peak

cuirent current

Figure 4. ADSORPTTION CURRENT-VOLTAGE BEHAVIOR
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The quantitat?ve cxpressilons which do exist are cxivemely
complex, %he adsorptlion layer is characterized by its capacltance, CAd’
and the electrode surface is characterized by its {fractional coverage, 8.
Simple expressions do not exist to evaluate these properties. Conway (26)

gives quantitative expressions, for what they are worth.

Since an adequate theory of adsorption phenomena at electrodes. .

does not exist, present practice is the individual interpretation of each
particunlar electrode process. This is true in the case of the water vapor
electrolysis reaction and is an important part of the related discussion

which is presented later in this thesis.

rf‘f"

ar
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V. TITERATURI SEARCH® OF THE WATER VAPOR ELECTRILYSTS REACTION

A, General.

The oxypen electrode has been the subject ol much controversy
throughout its study. This is still true today, as Vetter (82) writes,
"he mechanism of the oxygen electrode is simply not clear at present."”
Nevertheless, several aspects of the oxygen electrode have been {ruit-
fully studied. Some of these observations include:

1. The equilibrium potential is unattainable except under

very special conditions.

2, The evolution of oxygen occurs at high overvoltages.

3, The current—-voltage characteristics are dependent on the

pre~treatment of the electrode.

4. Oxides and adsorbed layers affect the current~voltage

relationship.

Determination of the actual mechanism of the oxygen electrode
has been the heart of most research on it.

This work investigates only the anodic evolution of oxygen in
concentrated (approx. 8M) sulfuric acid in a gilica gel matrix at a
brite platinum electrode. However, the observations of other conditions

of the oxygen electrode add much insight to the investigation of the

afore-mentioned system. Therefore, the oxygen electrode at rest and the

1'l‘he bulk of the material in this section is taken from the
excellent review of the oxygen clectrode by J. P. Hoare, entitled
The Electrochemistry of Oxygen. Since this beok was copytighred in
1968, it was only necessary to search from 1968 to 1972 fcr ather
pertinent literature. Hoare's basic format in explaining the oxygen
electrode is lollowed here.




reduction of oxygen are also dlscussed below. In order to shorten the
discuselon somewhat, only observations at platinum electrodes in acid
solutions are presented.

B. Oxygen Elecrxode at Rest

1t has been long known that, under open circuit conditions,
the usually observed potential of the cxygen-hydiogen cell 1s only about
1.10v. This is considerably locwer than the equilibrium potential of
1.299 V. The standard potential for the overall reaction 02 + 2H2 = 2H20
hag been calculated from the stan:is'd heat and entropy of formation of
water (68,317 cal/mole and -39.0 cal/deg~mole, respectively) (28).

The large discrepancy between the cbserved potential and the
theoretical equilibrium potential can be round to derive from the tact
that platinum and the other noble metals are not inert CC OXygen
gsaturated electrolytes. This gives the oxygen electrude its irreversi-
bility and poor teprcductibility.

Studies of the oxygen electrode under open circuit conditions
have been directed at determipning the actual state ol the electrode
surtace, 1.e. the type of adsorbed fiims, the extent of coverage, and
the effcct of impurities. Some ct the significant results of these
studies are presented belcw.

1, Oxides.

The first explansticns cf the observed potentials ol the
oxygen electrzodes proposed an oride/oxygen ccuple instead cf the metal/
oxygen couple as determining the rest potentisl Such an explanation is

"oxide theccy.'' Researchers have suggested that the

commonly called the
surface of the platinum was oxldized, thus csusing the low potentials

of the oxygen—-hydrogen (o« Grove) cell (29, 30, 31) Several oxldes were

am
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Table

1

POTENTIALS OF PLATINUM OXIDE COUPLES

l.atimer
Lorenz Nagel {567
and and and
Electrode Spielmann Grube Dietx de Berhune Hoare
couple (65,66,75) (33) (67) (18} (45)
Pt/Pt-0 0.88 Vv
Pt/PtO 0.9V
Pt/Pt(OH)2 0.98 Vv 0 98 Vv
Pt/PtO.ZHZO 0.95 v 1.04 V
Pt/Pt02.2H20 0.96 V
Pt/PtOZ.BHZO, 0.98 V
Pt/Pt02,4H20 1.06 v
Pt/PtO3 1.5 V
Pc/PtO4 1.6 v
Pt,’PtBO4 1.11 V
Pn(ou)zlPto2 1.1V 1.1V

& _
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subsequently idenfified and the petentials ol the metal-metal oxlde were
determined. These arve gilven iu Table 1.
Foerster {(26) arpued thar the open-circull potentials were the
result ol a combination of oxides, Ptox'
The oxide theory is generally comsidered to be inccriect due
to the following observations: .
1. Plateaus in the potential-time curves can not be found
which correspond to any of the measured oxide potentials (26).
2, Oxides of ocher noble metals (Pd, Au, Rh, Os, ir, and Ru)
had potentials which approached a commen value with time,
ingtead of different values as one would expect with the
oxide theoxy (4).

2, Adsorbed Oxygen Films.

The technique of using constant curient curves to investigate
the formation and reduction of adsorbed films on platinum has been widely
used. Hoare (37) cites 33 papers on this technique. In general, it has
been found that the adsorbed leyer of oxygen is a menolayer of atomac
oxygen (6). The thickress of the oxygen layer hae been determined by
analysils of chacging curves (11, 73) and, mote recently, by ellipsometric
methods (69, 70).

Constant cuxrent charging curves yileld infcrmation ¢n the
number of coulombs required to form & monolayer cf oxygen, Qa, and the
number of coulombs requicred to reduce 3t, Q¢ It 15 always found
experimentally that Qa - Qc. Slow charging techniques (54) shcw that
Qa - (Qu, while fast chorging techniques (10) yield Qa = Q¢ Atter about
20 cycles of anodic and cathodic pclatizacion in 8m HCqu between 5 and

1.4 v, Feldberg, Enke, and Bricker (10) repcrted that QasQc approached a
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value of 1, whereas initlally QafQc = 2. lt is now gencrally accepted

that the reason Qa » Qc {or fast charging techniques and for repeated

cyeling is the dissolution of cxygen incto the platinum metal 1tself.

Only a monolsyer exists on the surface; the rest is dissolved into the

body of the metal. Schuldiner and Warner (74) showed that with rapid

charging, only the adsorbed oxygen was measured to determine Qa and Qc. .
On the other hand, with slow charging both the oxygen dissolved ia the
platinum and the adscrbed oxygen were measured. Similarly, repeated
cycling tends to saturate the platinum metal with oxygen; the equivalent

of several monolayers of oxygen can be dissolved in platinum metal before

it is saturated. Once it is saturated, only the adsorbed layer determines
Qa and Qc {(dissolved oxygen is difficult to remove), hence, Qa = Qc ' !
when the platinum metal is saturated. Thacker and Hoare (76) distinguish
between oxygen on the surface, dermasorbed oxygen (in the "skin" of the ‘
metal), and oxygen absorbed into the bulk metal.
Rapid potential sweep methods have alse yielded information
about the nature cf the adsorbed films of oxygen. A typical curve (38)
for the oxygen—hyd:ogen cell in acid golution is given in Figure 5.
The interpretation of this curve 1s as follows: oxygen
adsorption begine at about 0.85 V and oxygen evolution at about 1.4 V;
hydrogen peaks exist below 0.4 V. Note that the anodic and cathodic
peaks for hydrogen occur at the same potentials, implying a reversible
process. On the other hand, the cathodic sweep must proceed further
than the anodic oxygen adsorption potential to reduce the oxygen. This
jndicutes an activation barriet in the adsorption of oxygen. The same
principle of oxygen dissoluticn into the platinum metal applies to fast

potentlal swceps as well as constant charging curves.
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Unfortunacely fast triangular sweep curves are difficult to
interpret quantltatively. Conway (13, 16) points out that many of the
present interpretations of rapld potential sweep curves are somewhat
incorrect because the capacitance of the adsorbed intermediates has a
complex effact on the current-voltage relationship. Furthermore, the
capacitance is a function of the magnitude of the potrential sweep rate.
Hence, quantitative interpretatioms of rapid potential sweep curves are
suspect. Conway cautions that qualitative or semi-quantitative inter-
pretations are all that can be made, based on the present state of the
knowledge of adsorbed intermediates.

Bockris and Huq (9) were able to mainctain a complete
electronically conducting monolayer of oxygen on a platinum electrode.
The reversible potential was obtained for an hour in oxygen saturated
H2504 solutions (.001N to 0.1N). Impurities were rigorously controlled.
This is especially important for the oxygeun electrode because the
exchange current density, i,, 1s very low {(approx. 10'-9 A/cmz), Impurity
reactions could, therefore, be potential-determining at potentials below
the reversible potential (1.23V). Bockris and Huq calculated an impurity
level of less than 10-11M for their experiments. The platinum electrodes
were pre-treated to insure a complete monolayer of electronically
conducting oxygen. The electrodes were prepared for two hours at 5007C
before plunging them into the pre-purified, oxygen~saturated sulfuric
acid solutions., After about an hour, the potential dropped to lower

values,

3. Mixed Potential Theory.

The most widely held explanation of the low velue cf the rest

potential of the oxygen electrode is the mixed potential theory. Two




~ 39 -

prominent versions of what the conmbining reactions might be are
presented below. Others are given by Hoare (40) .

Hoar (36) was the ficst to suggest a mixed potential mechanism.
He proposed that cracks exist in an oxide surface film whereby oxygen is
reduced and a platinum oxide 1s formed on the platinum surface, i, e. a
jocal cell is set up. By applying a countexcurrent of 2 x 10_7 A/cm2
the reversible potential has been maintained. This counturcurrent is
equal to the local cell current.

A mixed potential theory of two feactlons occurcing at
different points on the surface of the electrode has been proposed by
Lewartowicz (62). Hoare (39) suggests the 02/H20 reaction and a
Pt/Pt-0 reaction:

Pt-0 v 20 b 2e = Pt + H,0  E, * 0.88V.  [45]

Pt-0 is a layer of adsorbed oxygen atoms (as opposed to Pt0,
an oxide layer). {Further discussion of the oxidation of Pur 1s given
by Appleby (3)) Oxygen 1s reduced on the Pt0O sires, and Pr-0 sites
are formed by reacting with water (Eqn.45). This should ultimately
produce a complete Pt-0 layer and the reversible potential, 1.23V,
would be obtained. However, Hoare concludes that a complete Ft-0
layer 1s unstable in acid solutiong, hence some bare Pr sites alwaye
exist. Therefore, the mixed potential of the 02/H20 and Pt/Pt-0
reactions 1s determining. (Note that the mixed potential, Em’ must lle
between the values of the two combining potentials).

The mixed potential can thus be used to explain the dependence
of the rest potential on the extaent ot surface coverage This dependence
has been reported by several worketrs (10, 31, 71) and s a function of

electrode pretreatment., Therefore, che nixed perent.at thecty can also

(N
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be used to explain the dependence of the rest potential on electrode
pretreatment, Unfortunately, there ig little positive evidence for the
existence of a mixed potential at the oxygen electrcde. 1t has not beew
proven to exlst nor has it been disproven. It can explain, however,
the many anomalies of the oxygen electrode. The only positive evidence
thus far is that cathodic stripping measurements have shown that the
maximum quantity of oxygen stripped is less than a complete monolayer.
This means that there must be scme bare Pi sites available.
4. Conclusions.
In summary of the phenomena of the oxygen electrode at rest,
the following important facts have been determined:
1. The reversible potential is attainable only under
strict control of impurities.
2. The reversible potential 1s attainable only when a
complete adsorbed layer of Pt-0 exists.
3, Oxygen is dissolved into massive platinum.
4. The existence of bare Pt sites gives tise to lower
rest potentials.

C. Anodic Evolution of Oxygen.

Overvoltage curves (i.e. log i vs. E) of oxygen evolution at
Pt electrodes are characterized by high overvoltages. Under ordinary
conditions Tafel behavior begins at an overvolcage of about 0. 4V.
Between current densities ot 10-6 A/cm2 and 10_2 A/cmz. a typical Tafel
slope is 0.10 to 0.13, and the extrapolated exchange cutrent densiry 1s
about 10‘9 A/cm2 for systems with controlled impurities. A typical plot
1s given below (9) in Figure 6

Note thiat the imitial potential sweep does not 1ollow Tafel

an
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behavior. This is due to the [act that the adsorbed monclayer of oxygen
is still being formed. Once it has been Lormed, the curves become
reproducible.

Hoare (41) points our that the anodic evolution of oxygen on
platinum is activation (or charge tzansfer) controlled because a Tafel
region is observed and because -he overvolrage, N, decreases as the
temperature increases, while the value of the Tafel slope remains the
same.

An oxygen overvoltage curve shows the changes in the surface
oi the Pt electrode. Figure 7 belcw, 18 interpreced szs follows (42).

In the region BC a limiting current is observed and is
considered to be the potential range where the Pr-0 film is being built
up. Oxygen evolution begins at point C and the region DE has been
interpreted to represent a conversion of Pt-0 to Ptaz (despite the
previocus arguments against an oxide theory). At point E, a stable Pt-0
film has been formed and the subsequent EF regicn 15 the Tafel region.
A slope of 0.14 is obtained and the exchange current density, i., is

9

8.5 x 10 A/cm2 in good agreement with cther results.

Although most workers believe that the rate determining step
15 an electron transfer, the mechanism of the oxidzation of oxygen (1i.e.
evolution of oxygem) is stil]l unknown Varlous factors which affect the
evolution of oxygen have been studied to help determine the mechanism.
Although these studies have not succeeded in pinning down a particular
mechanism, they have been i1lluminating Some of the important aspects

of these studies are presented below.

1. Effects ot pH and Adsorbed lons

1t has been found (9) that on braght platinum, the overvoltage

e
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decreuses lor the lower pH's but increases ln very strong acid solutlons.
At zcid strength increases, the effect is olten ¢louded by the adsorption
on ions and the presence of other reactlons. In par ticular, high concentra-
tions of HZSO4 {51) produce H25208 and H2805 and also cause an oxygen
exchange wich the water (29), whereas high concentrations of HClO4 do not
exhibit these problems. In both cases, the anions (304= and ClOap) are
rapidly adsorbed and an abrupt shift in the overvoltage curve is noticed.
An example of this is given in Figure 8 (54)

Frumkin (28) found using HClO4 with ragged oxygen, 018, that
018 did not exist in the lower Tafel region, but did exist in the upper
region. This behavior led him to conclude that C10 4- ions are speci-
fically adsorbed.

Two distinct Tafel regions separated by a limiting current
region were also found by Beck and Moulton (5). By showing that the
limiting current was identical on rotating and stationary electrodes,

they concluded that the process was not diftusion controlled. They,

teo, concluded that the break was due to the specific adsorption of

0104. At high current densities other reactions were found to sacur,
namely ‘
c1o; + €10, + 0, (461
and
3 010, + 00 + e v 3 HCLO, + 20,. (47]

Note that the effect of these reactions is tc produce moce oxygen than
can be accounted for from the electrolysis of water.
The formation of ozone, 03, 1s also common to the electrolysis

ot very high acid concentrations. Briner (12) has detected ozone in the

an
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clectrolysis of concentrated solutlons of H PG , KOH, H

3774 2
Addition of reduclng agents, e.g. NaN02 and Nazs, have been

SOq, and HClOAO

found to increase the overvoltage (35); however, Bocksis and Hugq {9)
found that the addition of Na2504 lowers n. All workers agree rhat the
actual effect of adsorbed ions is difficult to interpret.

D. Cathodic Reduction of Oxygen.

Although the reaction under investigation by the research is
the anodic oxidation of oxygen, the cathodic reduction is discussed here
because it sheds light on the nagging proklem of the presence of H202.

The generally accepted reaction mechanism consists of the

following slow step:

(09) ads + e oo 0,7) aus (451
and the subsequent fast steps:

(02”) ads *+ H+ - (HOZ) ads [49]

(HOZ) ads tes= (HOE) ads [50)

®0,7) .+ H' = (1,0,) ads (1)

The formation of H202 is an important step of this mechanism.
The main evidence for this theory is that the cathodic reduction is
accompanied by the presence of the stable intermediate, H202, (This
intermediate is never found, under proper control of impurities in the
oxldation reaction.-)} The H202 18 then decomposed at the electrode by
2(1,0) g4 2 20+ 0 [52]

Typical n vs. log 1 curves yield a Tafel region in the current

density range from 10-6 to 10"3 A/cm2 with a slope approximstely 0.1.

The corresponding exchange current density, 1., is about 10-9 A/cm2 (86) .

Ll
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A plot of overvoltage versus log PO shows change of n of 60 mv for a
2
unit step in log PU ., This has been Interpreted (46) to mean.that the. .
2
rate determining staep 1s an electron transfer with 02.

The presence of H.202 has been found experimentally to depend on

the magnitude of the current density (43). In particular, for i less

than 10_4A/cm2,..H202 does accumulate and reaches a steady state value

around 10_.6 to 10_S M. The observations have been.interpreted as being
due to the relative ability of the platinum surface to decompose H202.
The platinum surface changes with current densities having more bare
sites at higher current densities, and having fewer bare sites at lower

current densities. The presence of adsorbed oxygen inhibits the

reduction of 02 to HZO but promotes the decomposition of H202 to 02 {53).

it is on the bare Pt surface that steady-state reduction occurs.
One other significant reaction scheme has been proposed, in

which H202 iz a side product rather than an intermediate (17). The

axperimental evidence for this is that H202 is not found present when

impurities are removed from the system. Hoare (44) argues that, in the
absence of impurities, the Pt surface.can decompose the H202 as fast as

it is formed; consequently H202 is not detected...Obviously the point
of whether H202 is a side product or an intermediate 18 a eritical one,
and as yet, has not been unequivocably resolved.

Study of the nature of the electrolie surface in contact with

the 0 has revealed that 02 dissolved in the Pt surface enhances the

2!
reduction of 02, but an adsorbed layer of oxygen inhibits the reduction
of 02 (47). On the other hand, an adsorbed layer enhances the de-
composition of HZOZ' This phenomenon of the adsorbed layer of 02

innibiting the reduction of 02 is exactly contrary to the oxidation

e
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reaction. TFor the oxldation reaction potentials approaching the
theoretlcal reversible potential have only been obtained in the presence
ol an adsorbed oxygen layer.

E. Anodic Evolution of 02 i Sulfuric Acid.

There are many studies of oxygen evolutilon which have been
narried out in sulfuric acid solucions. In fact, sulfuric acid is the
most common solution to be used on oxygen electrode studies. However,
almost all studies in sulfuric acid are limited to one or two concen-
trations of H2504 and these are concentrations less than 2N H2804.

There are three excellent reviews which do cover the spectrum
of sulfuric acid concentrations. These reviews are discussed here

separately,

1. "Dependence of Oxygen-Evolution Overvoltage on Smooth

Platinum On the Sulfuric Acid Concentration” by V. L. Kheifets and

1. Ya. Rivlin {51)

Several important observations are rade in this paper. First,
reproducible overvoltage curves are attainable only after prolonged
preanodization. Initial experiments showed a continuous shift toward . .
more positive potentials with successive experiments. Long interruptions
also affected the reproducibility of the current voltage curves. Fig. &
presents the results of thelr steady state overvoltage determinations.

Increasing the sulfuric acid concentration has the effect cf
shifting the overvoltage curve toward more positive potentials. This
is expected because the activity of water decreases as the concentration

of sulfuric acid increases  According to Equation 53 below,

4
a
e, = p, + 2:3RT log _H¥
4F o2 (53}
H,0

2

e
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where €, is the particular cquilibrium potential, E, is the standard

potential (1.23 V), a,

1+ is the activity of the hydrogen ionm, and ay o

2
ig the activity of water, The equilibrium potential increases as

84 0 decreases. The ohserved shift in the overvoltage curves 1s much
2

preater than that due simply to the shift in the equilibrium potential.

Therefore, strong polarization must be occurring, i.e., there is a
strong increase in the activation energy required to make the reaction
occur.,

Finally, Kheifets and Rivlin point out that at high concen-
trations of sulfuric acid (>6.6M), there is an inflection in the over-
voltage curves., Two distinct slopes can be distinguished from these
curves. While other authors attribute the inflection in these curves
to a change in the reaction mechanism (50), Kheifets and Rivlin
attribute this to a strengthening of the bond between the oxygen and
the platinum, They also note that, at high concentrations, persulfuric
acid is formed by

Table 2 gives the information describing their c¢bservations

of the efficiency of 02 production. The increased production of H23208

causes a decrease in the production of 02, as one would expect from
gstolchiometric considerations.

2, "Electrolysis of Concentrated Sulfuric Acid Solutions

Using Tagged Oxygen" by Kaganovich et,al. (50).

A break exlsts in the Tafel plots which yields two distinct
Tafel lines of essentially the same slope (see Fig. 10). In conttast
to the paper discussed above, Kaganovich et.al. suggest that the break

corresponds to a change in mechanism, namely, that oxygen evolution at

reet’
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the higher current dencit)rs involves anlons in some fashion. Analysis
for tagged oxygen, 018, suppores this view. They conclude that tagged
oxygen is found at increasing concentrations in the evolved gas in_the

break range and beyond. This is attributed to surface isotopic ex-

change which is possible because of strong anion adsorption at high
overvoltagas and high anlon concentratlion.

Table 3 gives the constants characteristic of the electro—
chemical system which was used.

Kaganovich et.al. pretreated a smooth platinum electrode by
repeated anodic and cathodic polarization. The anodie current density
was kept less than 7 X 10-6 A/cm2 before measurements. The current was
changed continuously and the potential was measured two minutes after a
current change.

3. MIpvestigation of the Kinmetics of the Electro-oxidation of

Sulfurie Acid" by E. A. Efimov and N. A. Izgaryshev (23).

This study of the electro-oxidaticn of sulfuric acid to per-
sulfuric and monopersulfuric acid is the most thorough and highly regard-
ed study of the polarization of high concentrations of sulfuric acid.

The basic reaction in question was:

zusoa‘ - 2 e = 8,0, (persulfucic acis) [551
with the following side reactions:

21,0 - 4e = 4’ + 0, [56]
H28208 + H20 = H2SO5 (monopersulfuric acid) [57]
so; + 1,0 - 2e = HyS0, + 0, (58]
H,S0, + H,0 = 1,30, + Hy0, [591]
H,804 + H,0, = 1,50, + H,0 + 0, [60]

s
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Table 3

CHARACTERISTIC CONSTANTS OF WATER VAPOR ELECTROLYSIS

io (Alcm?)

Concentration o,
1N H.S0 3x 10 0. 39
274
-7
7N H,S80, 1 x 10 0.32
. -7
10N H,50, 2 % 10 0.29
15N N,S0, 2 3 1077 0.28

FJ o,



%
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HO, - 2 =H +0 [61]

H,5,0, +RO~= 2H250

53,08 9 + 1/2 02 . [62]

4

Efimov and lzgaryshev found that reactions 57 - 62 were
unimportant. However, the exletence of HZSZOS and H28205 was found to be
characteristic of the variables of the electrochemical system.

Their polarization data are presented in Figure 11, These data
were obtained on smooth platinum in sulfuric acid concentrations from 5.0
to 36.0 N. The anode was a platinum wire, 0.3mm diameter. Analysis for
H.S.0. was made in the current density range of 4.2 x 1()—3 to 2.0 A/cmz,

27278
as H.S.0. and H.SO_ were not detected below i = 4.2 x 10“3 A/cmgg The

27278 2775
electrode was preanodized for 30 minutes at 1i=2.1x 10_3 A/cmz. Three
minutes after a particular current density was established, rhe anode
potential was measured. At each sulfuric acid concentration, 3 to 6
plots were made, and average values were taken. The repoducibility of
the potentials was 5 to 20 mV. This is reasonably good fepoducibility
and it might have been improved by extending the preanodization time.
Efimov and lzgaryshev made several significant cbservations
and conclusions:
1. The current efficiency for the production of HZSZOB

passes through an cptimum. These optima lie in the

1.50 concentravion range of approeximately 15 - 27 N

2774
H2504. Lower concentrations tequite higher potentials to
preduce HZSZOS'
2. The optimum production of H,$,0, is independent of current

27275
dersity (hence potential) end depends cnly or H2504

concentration and occurs at approximately 25 N stoa'

an
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This can be expected because Equaticu 57 18 a chemical (not
gn electrochemical) process.

3. Tafel behavior for the production of oxygen is observed

3 t:c:,lO—2 A/cmz. At this point the curves

until 1 = 10~
bend toward higher potentials, after which time another
inflection is reached and the curves bend back.

4. Efimov and Izgaryshev agree with the explanation of
Kaganovich e.al. (50) that the upward bend results from
a change in the mechanism of oxygen evoelution.. ..They .
disagree with Kheifets and Rivlin {(51) that the break is
caused by the production of HZSZOB (which Efamov and
Izgaryshev had also believed earlier (48)).

5. The second bend is attributed to the depolarizing effect
of the decompostion of 305'2. Although mixing the
solution before the second inflection produced no change
in potential, mixing above tais point increased the
potential 20-30 mV. This effect results from the excess
accumulation °£'3205— near the electrode. As the §,0. 1s

275

Pe dispersed, the potential increases.

T 6. In extremely concentrated H2304 solutions, there was a
physical hindrance to any increase in current (e.g. 35.9 N
at 0.3A/cm2). This occurred because of obstruction by
oxygen bubbles. The surface of the anode was covered by

. these bubbles which could only be removed by the application

S

of a tremendous overvoltage {(approx. 18.5 V). This
obstruction phenomcnon occurred at 3.4 to 3.5 V.
7. The most tapid change in current with potential occurs

in the middle cuncentration range, 5N to 20N

1
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F. Water Vapor flectrolysis on Platinum Electrodes with an Acid Gel

ElecLrclyte.

Previous studiez of water vapor electrolysis on platinum
clectrodes with acid gel electrolyte have produced cuntradiceory {
conclusions regarding the characreristics of rhe electrade processes.
fnree studies address themselves to the problem above. These ace by -
Connor et.al. (l4), Clifford er.al. (1L3), and Bloom (8). These studies
are discussed separately below.

Yr

1. '"Design and Develoupment of a Water Vapor Electrolysis

Unit" by W. J. Comner et.al. (la).

Conner's report give experimental information on cell operation
with 1liquid electrolyte and with an acid impregnated pel electrolyte
matrix.

Polarization data taken in the liquid electrolyte are presented
in Figure 12 A tormel nyd:iogsn electrcde with 6 I & HZSO4 was the
reterence cell. There are zeveral questicnsble aspects cf the relia-
bility of these data. First of all, Cconor nltes a hysteresis in the
anodic and cathodic sweeps and a difference 1n polarizaricn values when
the system is left 1dle. These are typical ":ymptoms" of the afore-
menrioned i1rreproducibility of oxygen electrode cverveltage data. It 1is
apparent that Conncr did not sufiiclently preanodize the system s as
to rnsure a complete electtonically conducting layer ¢t oxygen on the
electrode surface. Moreover, oxygen may have been continuslly abaorbed
into the massive Pt during his measurements and neve’ have reached
saturation.

Secondly, Conuor noteg that the sclutions ot the various

electrode systems were ol approximately cthe came cencentearion Previous

ki
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{igures have shown that overvoltage data depend strongly on the clectro=-
lyte concentration, especlally at high concenttations and high current
densities,
Finally, although, correction was made for the ohmic, or IR ;
toss, no calculations are given or data presented to assure that this
was done properly. The net polarizatien is thus attributed to activation
overvoltage and IR losses. In light of the above factors, the reiiability
of Connor's overvoltage data is suspect.
Conmor investigated the performance of the water vapor_elec-
trolysis cell using an immobilized silica gel electrolyte matrix. The

gel consisted of 10 wt % fine gilica* and 90 wt % 8.1 M H,_50 Initial

27747
cell operating conditions were 1.96 V and 35 mA/cmz, After six hours,
operation was at 2.06 V and 35 mA/cmz; the voltage requirement had
increased to maintain a current density of 35 mAicmz. The electrode
material used in these experiments was not specified by Connor; hence,
comparison with data tor operation with liquid electrolyte is not
possible.

Conner states that fallure of the gel matrix cell occurred
because of severe cross-—leakage. This cross-leakage resulted from local-
ized drying and ctacking of the matrix. Apparently, the matrix was
so immobilizing that water could not creep from wetter areas to drier
areas.

Finally, separate tests on the silica gel gave a mixture-to-
1lquid conductivity ratio of 67% (specific resistance & 4.4 ohm—-cm).

The gel resistance was measured by @ 1000 cps impedance bridge  Connor

‘Cab~0-811, Cabot Corporation, Boston, Massachusetts,
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reported an inftlal specilic resistance of 115 ohwm-cm for the gel
during the cell operations.

2. "A Water-Vapor Rlectrolysis Cell with Phosphoric Acid

Electrolyte" by Clifford et.al., (13). "
Clifford et.al. alsc perfcrmed experimental work on both the

liquid electrolyte system and the acld gel system. The bulk ot cheir -

experiments were performed on phosphoric acid systems. Clifford's group

analyzed the electrode overvoltage in terms of its components in crder
to determine the dominant sources of overvoltage.

A current-interruption technique (77) was used whereby voltage-
time curves were obtained. The variations in the slopes of the curves
determined the magnitude of the various components of the cell over-
voltage.

The working electrode was a platinized platinum sheet and
overvoltage data were recorded versus an autogeneous hydrogen electrode.
No mention was made of correction for the liquid-liquid potential
between the reference electrode and che test solution. This could
inttoduce serious ertor. The currenct-intercuption technique yielded
values of olmic losses which agreed well with calculated values using
a specitic conducrivity of 0.105 ohm‘l-cm_l for 83% HBPOA

A component overvcltage analysis is giver in Table 4 for both
the free~-liquid and liquid-matrix cells. Clearly, the most fnterestiug
aspect of Table 4 is the magnirude of anodic concentratlon polarization:
1.09 to L.18 V. All previous indications would point to no concentraticn
overvoltage at all or very little at mest nevertheless, Clifford et al
have interpreted their data to say that the major component of :he over-

voltage is concentration overvoltage A simple experiment ot changing
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the rate of stirring would have told them straightaway if their analysis

wils correct. Moteover, the value of concentration avervolrage was higher

in the free-liguld cell than in the Immcbilized lLiguid-matrix cell! This

means that it 1ls easier for the water to diffuse to the electrode suriace "
in the gel than in the free liquid. This seems extremely unlikely.

The above discussion pertained to a phosphoric acid elec- -
trolyte; Clifford et.al. arrived at identical conclusions for over-
voltage data on a free-liquid sulfuric acid electrolyte (50 and 77 wt. Z
concentrations).

During extended operational testing of the water vapor elec-
trolysis cell, current-voltage data were recorded. Since the cell had
been operating for more than 1000 hours, it can be safely assumed that
the cell was more than sufficiently pre-anodized. Therefore, the data
can safely be considered to be repoducible. These data are presented
in Fig, 13, with Clifford's component overvoltage breakdown. The IR
loss was not calculated. 1Instead, a value for specific resistance was
selected by which the straight dotted line could be obtained.

Note that despite the existence of a straight dorted line,
Clifford still analyzed the overvoltage components as being almost
entirely ccncentration overvoltage (1.05 V) and practically no activation
overvoltage (.04V). 1In other words, a Tafel plot is obtained clearly
indicating a charge transfer centrolled system, yel Clifford interprets
this as mase transfer control, Furthermore, no limiting current has
been reached. Clearly, the analysis of Clifford et..al must be incorrect.

Finally, this author (nct Clifford) calculsted an exchange

- current density, i., of 1.1 x 10-7 A/cm2 from an extrapolation of the

straipht dotted line of Fig., 13. This value ot i. 1s in good agreement
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with the data of Kaganovich. Similarly, the semi-log slope of b = 0.196
(0. = 0.40) is in reasonably good agreement with other oxygen electrode
Tafel slopes. Both of these findings support an actlvation controlled
electrode process.

3, "Cycled Operation of a Water Vapor Electrolysis cell"

by A, M. Bloom (8).

Bloom's investigation dealt mainly with cycled operation of
the water vapor electrolysis cell, i.e. turning the cell on and off. He
also treated theoretically the topic of concentration polarization., The
experimental work of Bleom is presented below.

All experimental results were performed on bright platinunm
screen electrodes and platinum—-tantulum screen electrodes in a sulfuric
acid sicila gel electrolyte. Water was congtantly added to the system
via a humid air stream passing over the silica gel. The gel consisted of
10% by weight fine silica and 90% by weight 8.1 m HZSOA' Gas cross-
leakage between the anode and cathode was prevented by a microporous
PVC membrane ' inserted in the electrolyte. Steady state operation was
carried out at 2.60 V and .92 amps for the bright platinum and 2.20 V
and 1.00 amps for the platinum-tantulum. Voltage measurements were only
good to within ¢+ 50 mV., Current efticlency was determined from the rate
of hydrogen collection., Bloom madé the following observations and
conclusions:

1. The Pt-Ta electrodes were unsultable fcr long operation

because of deterioration ot the electrode.

2. Bright platinum electrodes have a considerably higher

'3ynpor, Electic Storage Battery, Yarldley, Pa.
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overvoltage (approx. 0.3 vo 0.4 V) than the placinum-

tantulum,

Proper cyclic operation was found to decrease specifie

power consumption. ‘
Both "on" and "off" times were found to have optimal

values, i. e. 5 minutes "on'" .and 5 seconds "off" for -
the bright platinum electrode. This caused a 12.9%
decrease in specifi¢c power copsumption (see Table 5).
"OLf" times were followed by a current surge (sometimes
greater than 5 amps) at the beginning of the "on" times.
Spurts of excess water into the system caused a sudden
rise in cell current which required considerable time
(e.g. two hours) to dissipate.

Doubling the humid air supply flow rate (from 25 to 50
cc/sec) caused a decrease in specific power conmsumption
{(from 12.7 to 17.6%).

Specific power consumpticn increased as "on" time goes
toward zero. This results from the reduction (or "fuel
cell™) reaction which occurs while an adsorbed layer of
oxygen {and hydrogen) is still present on the electrode,
This layer 1is gradually stripped as the cell is "off" or
grounded.

Pt-Ta and bright platinum electrodes exhibited opposite
tendencies in specific power consumption chavracteristics
near zero "off'" time. This was attributed to differences
in specific surface area of the two electrodes.

Current efficiency measurements assured thac the elec-
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Table 5

CYCLIC OPERATION POWER CONSUMPTION DATA

Cells No. 3 through 8, BRITE Ancues, E = 2.60 V

Cell ONl OFF2 N3 Wor 4 Error5 Coll6 WorkT7 %8
No. {min) {see) (watt=-sac) Eff (watc-seg) IMP
3 3 1.5 10 1242 14 0.95 1175 -4.9
4 19 1104 11 1044 6.8

5 8 1075 8 1017 9.2

) 12 1107 19 1047 . 6.5

7 8 1162 12 1099 1.8

4 2 5 6 1034 4 0.99 1025 8.5
3 6 1023 2 1013 9.6

4 7 1005 3 996 11.1

5 14 988 4 979 12.7

6 10 1004 1 995 11.2

7 4 1013 3 1004 10.4

5 5 0.5 1l 1054 8 0.95 1036 7.5
3 9 1013 4 996 11.1

6 10 4 1140 2 0.97 1106 1.3
6 3 7 b 1076 10 0.97 1049 6.3
7 3 12 1064 5 1.00 1064 5.0
6 3 3 1026 6 1.00 1026 8.4
6 7 6 1050 4 0.97 1023 B 7
? 7 12 1021 5 1.00 1021 8.8
7 9 6 1032 13 1032 7.9
8 5 5 5 876 2 1 00 976 i2 9

TS
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Table 5 (Concluded)

l”ON" cycle time.

2"OFF" cycle time,

3
Number of measurements.

4Ave. measured electrical work tc produce 50 standard ce HZ‘

5Estimate of maximum error in measurement to 95 percent confidence,
assuming data follow t-distribution.

6Hydrogen collection system efficiency
7Average electrical work corrected for H2 collection efficiency.

8Percent improvement in power.consumption efficilency, related to
steady state power consumption of 1120 watt-sec for production of
50 standard cm3H2 at 2,60 V.

-
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trolynis of water was the only reaction occucring.
The previous studies ol Kaganoviech ct.al. (50) and Eiimov and
Tzgaryshev (23) glve sufficient evidence ro doubt the reliability ol
point 10. If H,8,04 and H,S,0. are produced in Bloom's electrochemical

cell the proper amount (i.e.~ 100%) of hydrogen will still be produced,

but less oxygen will be evolved as 0

9
Bloom, himself, admits that his conclusion of point 9 is very
tenuous. He cites "incomplete data" and & decomposing electrode surface
as the prime sources for his skepticism. In the final conclusions of his
report he is cnly willing to state that "incomplete data showed measured
efficiency increases of up to ten percent" and that "it is believed that
cyelic operation efficiency improvement will be observed with any elec-—
trode displaying oxygen overvoltage.'" Bloom is unwilling to make
specific statements about the nature of this improvement in his final
presentation of results, although he has made such tenuous claims in
the body of his discussions. Similarly, point 7, the effect of air flow
rate, is cuestionable. Only six measurements were taken to make this
startling conclusion. No further investigarion of this matte: was under-
taken by Bloom. Furthermore, evaluation of the signiiicance of the air
flow effect is the comparison of increases in efiiciency Blocm cites a
17.6% increase in efficiency due to a doubling of air flow rate as
compared to a 12 7% increase due to normal air flow rate {and optimum
cycling parameters). The tendency here 1ls tc compare 17.6% to 12.7% and
cite a 40% improvement due to decubling air flow rate, by the ratio of
17-6 te 12.7. This 1s a tempting, but incorrect, approach. The actual
improvement is the ratio of 117.6% to 112.7% or a 4.3%. A 4.3%

improvement due a doubling of air flow rate is not as starcling as a

r
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40% improvement. As for the reason for this improvement, Bloom states
that what "caused the efficlency increase ls not understood.”" He then
states that the "increased supply of feed water, causing electrolyte
dilution, was apparently the reason for the performance increase with
increased feed air flow rate." 1In light of investigations presented
above and given the finite amount of electrolyte in Bloom's cell, it is
probably true that any increase in cell current improvement from -
{ncreased air flow resulted from electrolyte dilution and larger currents
in general. This ties in well with point 6, i.e. that increased currents.
were observed with attendant spurts of water into the system. This is
atill more credible when one is considering a 4% improvement and not a
40% improvement. Further discussion of this point is given later in
this thesis. )
Bloom offers no explanation for 3, 5 and 6. He does point
out that IR loss is decreased as water is adsorbed because the resist-
ance of the gel decreases with increasing water content. However, it
hardly seems likely that the small change which occurs in the 1R loss in
5 seconds could cause a 12.9% decrease in specific power consumption
over 5 minutes (300 seconds). Engel (24) has hypothesized some sort of
"electrode regeneration" and Bleom has simply stated he does not know
what causes improved behavior of the electrolysis cell with cyclic
operation.
Finally, Bleom's theoretical investigation of concentration
overvoltage leads to the conclusion that concentration overvoltage is
negligible, This is in direct conflict with the experimental analysis

of Clifford et.al. (13;.
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The critical equatlons in Bloom's analysis are glven below:

. _ _ RT 144
Lc T 1n (1.0 1/]11) [63]
and
i, = nFch/o. J64]

Where Ec is the concentration cvervoltage, iL is the limiting current
density, D is the diffusivity of the electroactive species in the elec-
trolyte, Cb is the concentration of the.electroactive specles in the
bulk solution, and § is the thickness of the Nernst diffusion layer

(see "Theory' section). In particular Bloom investigated the diffusion
of H+ jons to the cathode surface to form Hz. The calculated value for
Ec is 0.0002 V,1i.e. negligible concentration overvolrage. The foilowing

values were used for the variables:

T = 25°C

§ = ,005 cm

D =2.7 x 107 en?/sec
i =0.1 A/cm2

These values yield i, = 24 A/cm2 and consequently i/iL is very
small and Ec is very small. The value of the diffusivity which Bloom
used was that of H+ in 60 wt % HZSOA' 1t is not unreasonable to expect

that the value of the diffusivity of H+ in an immobilizing silica gel

matrix could be considerably less than 2.7 x 10-5 cmz/sec. Moreover, for

the evolution of 02, the electroactive species is H20 (a much larger

specles than H+). It is difficult to guess at the real value of DH o °F
2
DH+ in a silica gel matrix, but it could be orders of magnitude smaller

than in the free-electrolyte solution. In that case, iL would be much
smaller, hence i/iL would be larger and Ec would be larger. Whether
or not EC would be larger enough to be significiant {e.g. 50 mv), is

difiicult to say.

wl -
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VI, EXPERIMENTAL APPARATUS AND PROCEDURE

The basic scheme of the experimental work of this thesie was
to produce current-voltage data for the water vapor electrolysis system
which Bloom (8) studied. The experiments. themselves. were designed to
provide accurate measurements of cell current and anode potential on a
continuous basis. The analysis of such data provided the information
necessary to solve the problems set forth at the beginmning of this work.
For example, an exponential dependence of cell current on anode potential
indicates that the anode overvoltage 1s electron transfer controlled.

It was impossible to use Bloom's total experimental system for
this purpose because of the new requirement of a reference electrode.

A reference electrode must have an electrolytic connectilon with the
workiug electrode, in this case the oxygen electrode (anode). 1n Bloom's
system the electrochemical cell was enclosed in a tight, compact unit.
There was no way to place a reference electrode inside this unit or to
make an electrolytic connection, e.g. a salt bridge, with it.

The new.system which was developed not only had a reference
electrode but also had more sophisticated electronic monitoring equip-
ment than Bloom used. The new system also had an essentially infinite
supply of electrolyte as compared to the finite supply of Bloom's
gystem.

The experimental apparatus and experimental procedure are
detailed below.

A. Apparatus.

The experimental apparatus was designed to duplicate that of

Bloom (8) wherever possible. The reason for this was that it made

comparison of the present results with those of Bloom mote meaningful.

Ly -
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There are three bhasic systems of apparacus which make up the
total cxperimental assembly. These arc the controlled yvwmid-air supply
system, the clectrochemical cell, and the controlling and monitoriung
electronic equipment. Each of these systems is described separately
below.

1. Controlled Humid-Air Supply System.

This 1s the same system as that used by Bloom (8). The feer’
air stream was monitored as to its temperature, humldity, and flow rate.

Since it was known beforehand that temperature has a negligible
effect on the cell reaction, no great care was taken to control the feed
air temperature. It was allowed to be at room temperature., Experiments
were performed during the late summer and the room temperature ranged
from 75° F to 85° F. The temperature was measured on a precision
potentiometric-output hygrom.eter1 to +1°F accuracy.

The humidity of the feed alr stream was measured by the same
hygrometer., Control of the humidity was maintained by the apparatus
shown schematically in Figure 14. Drled compressed air passed through
two-stage pressure reduction and regulation and entered the humidifica-
tion section. The air stream was then split, part to be passed.through
a second contalner filled with calcium chloride particles. The humidified
and dry air streams were then recombined, forming a mixture whose
relative humidity depended upon the proportion of the total stream which
passed through each container. Control of humidity and flow rate was
effected by the two~stage pressure regulator and needle valves in each

stream of the humidification system, The humidity was maintained at 50%

'Model 15-3001, Hygrodynamics lme., Silver Spring, Matryland
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relative humidity + 1%, Within the operating temperature range of the
experiments, the relative humldity was very insensitive to temperature
changes. Bloom (8) noted the occurrence of slugs of water in the air
supply system. This caused a simultaneous Increase in cell current,
Although Bloom noted the increase in current, he failed to state that

1t was due to the decrease in sulfuric acid concentration. This had the
attendpnt effect of decreasing the anode overvoltage, as Efimov and
Izgaryshev (48) have shown conclusively. No slugs of water in the air
feed stream occurred during the experimental stages of this work.

Adr flow rate was measured with a rotameter and was held
constant at 24 ce/sec. at room temperature and atmospheric pressure.
Variation in air flow rate was + 1 cc/sec. This small variation had a
negligible effect on the experimental data.

Finally, no measurements were taken on the pressure of the
entering or ambient air streams. As with temperature, it was known
beforehand that minor variations in pressure (in this case pressure
of 02) had no measurable effect on the experimental data.

2. Electrochemical Cell.

The electrochemical cell consisted of a PVC compartment to
which a platinum screen was secured., Silica gel, impregnated with
sulfuric acid, was spread on the platinum screen. A microporous PVC
membrane covered the silica gel and screen. The entire sandwich of
platinum scrzen, silica gel, and membrane was secured in the PVC anode
compartment by a PVC block clamped tightly to the PVC anode compartment,
Figure 15 and 16 show the unassembled and assembled units respectively.
The entire unit was submerged in sulfuric acid. A mercury-mercurous

sulfate reference electrode (+0.61 V vs NHE) was attached to the apode

-
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Figure 16. STANDARD CELL, REFERENCE ELECTRODE, AND CATHODE ASSEMBLY.
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assembly. Another plaLlnum screen, suspenden at a variable distance
from the anode, acted as the cathode

The anode compartment was a machinad block ot PVC which not
only served to hold the cell anode, but also provided passage for the
humid air supply. Air entered through the top of the air manifold (anode
¢cempartment) and flowed over the anode screen and silica gel before pass-
ing out through the bottom of the air manifold and out a long stainless
cteel tube. The air manifold section was 4.75 cm square by 0.159 ¢m
deep. Small supports protruded from the wall of the air manifold. These
supports kept the ancde screen at a tixed distance from the compartment
wall. Two small holes were provided in the compartment wall so that wire
leads could be drawn from the screen to the outside of the cell assembly.1
These small holes were sealed by clear silicone tubber.

The anode was a 4-ianch by 4-inch 45-mesh bright platinum
screen.: The leads from this screen were also platinum wire. The cathode
screen was gray platinum as supplied by NASA., 1lts dimensions and type
were not lnvestigated, as they were irrelevent to the experimental data.

The silica gel consisted of 90% by weight of 8 1M H2504 and
the remainiug i0% dry fine sillca.’

The silica wes prehested to 100" F for a minimum of two days

prior to mixing with H2504. This ensursd & true dry weight of silica.

‘The original supply of the cell compartments was obtained from NASA.
However, these were made of methyl methacrylate. The PVC replicas were
made by Microtol Cerporation, State College, Penmsylavnia.

EEnglehatd Industties, 700 Blalr Road, Carteret, New Jersey-

3cabot Corporation, Boston, Massachusett-
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(Rloom (8) pointed out the significant effects of adsorbed water on the
silica,) The silica gel was applied to the surface of the platinum anode
sereen with a stainless steel spatula. The gel was "pushed" through the
pores in the screen and the screen was entirely covered by the gel. The
thickness of the gel was of the order of one millimeter A teflon gasket
was placed over the edges of the screen and made water~tight with an
O-ring situated in the PVC compartment.

The microporous membrane was stored in 8.1 M sto4 for a
minimum of two weeks to use in the cell. This ensured saturation of the
membrane by the electrolyte. The purpose of the membrane was to prevent
02 and H2 gas from cross—leaking within the cell. 1t 1s assumed that the
membrane added no additional resistance to the electrochemical cell, as
it was saturated with electrolyte.

Since the entire system operated immersed in 8.1 M stoé,
great care was exercised in choosing the materials which made up the
entire electrochemical cell assembly. Consequently, the cell anode
compartment and the perforated cover were made of PVC. This was found
to be entirely resistant to attack by 8.1 M 32504. Similarly, the
clamps were made of the same PVC. The entrance and exit tubes and
fittings wete stainless steel which was found to resist attack, Screws
made of a different type of stainless steel were found to dissolve 1n
the acid; therefore, they were covered with silicone giease (after they
were screwed in the clamps). This prevented further dissolution of the
screws. The support for the cathode screen was made of teflon., Screws
for this support were also treated with silicone grease to prevent
dissolution.

gimilar care was exercised in choosing a ptoper reterence
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electrode. NoL only was the corrosiveness of 8.1 M H2804 a factor, but
the high concentration of sulfuric acld can also result in a liquid-
liquid junction potential. A mercury-mercurous sulfate reference elec-
trode with a sleeve junction' solved both of these problems. First of
all, the sleeve junction is simply a ground glass joint which is not
susceptible to corrosive attack. Secondly, the electrolyte of the
reference electrode was concentrated potassium sulfate. There was,
therefore, only a2 minor difference in the activities of the electrolyte
of the cell and the electrolyte of the reference electrode (i.e. both
were concentrated sulfate ion). Hence, there was no measurable liquid-
liquid junction potential.

3, Electrochemical Measurement and Control.

The overall experimental system is shown schematically In
Figure 17. This system was a simple potentiostat with current measure-
ment. The voltage control was a direct variable voltage source? and
controlled the voltage drop across the anode and cathode. The cell
current was measured on a standard ammeter. The othex piece of equip-
ment was a high impedance digital voltmeter® which measured the voltage
drop between the anode and the reference electrode.

Although the variable voltage source contained its own volt-
meter and ammeter, these meters were not used. The ammeter only had an

accuracy of + 0.2 amps. Moreover, the voltmeter gave only the potential

difference between the anode and cathode. Since the cathode did not have

a fixed potential, this could not be used to measure the anode vorential.

'gackman Instruments, Pittsbutg, Pennsylavnia.
’Xepro, 0-8V, Model CK8-5M.
‘Honeywell "Digitest", Model 333.

aap
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Figure 17. ELECTROCHEMICAL MEASUREMENT AND CONTROL CIRCUILT.
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Therefore, the voltage source was only used to adjust the potentlal
difference between the anode and the reference electrode. The digital
voltmeter which measured this potential drop was accurate to + 10 mV.

In practice, the potential difference between the anode and
the reference electrode was set at some initial potential, This was
either 1.16 V or 2.00 V, depending on the direction the potential was
to be changed. The potential difference was changed by 20 mV for each
data point. After each potential step the current was recorded. After
approximately 15 seconds the potential was changed again, and the current
was recorded within ten seconds after the step change. Each step change
in potential required about fifteen gseconds to attain a new stable
potential. A sequence of increasing potentials was followed, without
pause, by a sequence of decreasing potentials. Potentials were scanned
between 1.16 V and 2.00 V against the mercury-mercutous sulfate electrode
(MMSE) (+0.61 V). This range was chosen because oxygen evolution gener-
ally does not occur below 1.8 V versus NHE, and 2.6 V versus NHE was the
maximum operating voltage used by Bloom.

Current was recorded with an accuracy of + 3%. The largest
part of any inaccuracy was due to minor fluctuations in the current at
a particular curvent level. This was espeeially ncoticeable at the higher
currents. Currents were recorded in a range of 0.1lmA to. 1A,

B. General Procedure.

Two reliable sets of current-voltage data were required. One
set of experiments was performed on the electrochemical cell as described
above. The second set was carried out on the "free~electrolyte”, i.e.
in 8.1 M sulfuric acid solution only. This was necessary for comparison

with a reference system. Thz same procedure was used in varying the

et
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potential in both cases. In the free electrolyte, the anode and cathode
screens were suspended at a known distance from each other, The reference
electrode (MMSE) was placed between the two platinum screen electrodes.
The distance between the electrodes was measured with a ruler
to 4 0,25 cm. This information was required to calculate the cell IR
drop. Although the distance between electrodes varied between experi-
mental data sets, the usual distance was approximately 2.5 cm.
The information obtained from experiments on the free elec-
trolyte turned out to be very important to the conclusions of this
thesis.

C. Automatic Potential and Current Control.

At this point it should be pointed out that a considerable
amount of effort went into development of another experimental system
which has not been discussed thus far. The reason for the lack of
discussion about it is that the system turned out to be unworkable. A
Heath polarograph was purchased for current and potential measurement.
This device had the capability of very accurate potential sweep control,
i.e. varying the applied potential at a known constant rate. A sophisti-
cated dual channel linear recording device was attached to the Heath
polarograph for current and potrential recording. Preliminary experiments
were performed with this apparatus on known electrochemical systems,

e.g. ~he ferrocyanide-ferricyanide redox couple. These experiments were
performed in order to familiarize this author with polarographic tech-
niques. It was also desirable to reproduce a known electrochemical
system to assure that the apparatus was functioning properly. The par-
ticular experiments that were performed were measurements of half-wave

potentials. In general, for a given redox system in which both the

B
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ceduced and oxidized forms are soluble the potential coirespouding to
one half the limiting current has a characteristic value. The experi-
ments performed on known systems were very successful. The half wave
potentials found expeximentally agreed well with literature values. The
working electrode in these experiments was a rotating platinum drop
electrode and the reference electrode was . a mercury mercurous sulfate
electrode. These experiments were successful in acquainting this author
with polarographic technigue.

The reason. why- this apparatus was not used for the experimental
work in studying the water vapor electrolysis reactlon was that the maxi-
mum current attainable on the Heath polarograph was one milliamp. Since
the currents of the water vapor electrolysis cell are roughly about one
amp, the apparatus was unsulitable as it was purchased. Considerable
effort was made by the electronics group of the Department of Chemistry
of the Pennsylvania State University to adjust the current measurement
range to two amps. These attempts proved unsuccessful, hence the auto-
matic current-potential apparatus was not used. A manual set up, as
described previously, was assembled. This information is presented here

so that others might not make the same mistake.

~ g
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VII. RESULTS AND DISCUSSION OF RESULTS

This sectlon is orgénized in a format such that the experi-
mental results are first presented, then analyzed from an experimental
viewpoint., This is followed by a discussion of the physical and electro-
chemical implications of these experimental results, i.e. what were the. . .
real electrochemical phenemena which caused the observed results, and .. .
how.could these phenomena alsce explain the experimental results of )
others, especially Bloom's (69) cycling experiments.

Several "theories" are proposed in order to explain the
experimental results. The argumentative approach adopted to evaluate
these theories 1s to 1) assume that a particular theory is correct,
2) find evidence which supports that particular theory, 3) find »
evidence which negates that particular theory, and 4) weigh and evaluate
the various evidence to arrive at whatever conclusions are possible for
a particular theory.

A. Experimental Results and Digcussion.

The experimental results are presented graphically in Figures
18 - 24, Figures 18 and 19 are the results of current-voltage experi-
ments on the "free electrolyte" cell, This cell, as described in the
apparatus section, consists of a bright platinum screen anode in
8,1M H2804 electrolyte solution. The electrochemical reaction is the
electrolysls of water into oxygen gas and hydrogen gas. The "free
electrolyte" results serve as the "base case", i.e. this is the behavio:
one would expect without any complicating factors.

Figures 20, 21, and 22 present the results of the same experi-
ments on a standard cell. The standard cell, as described in the

apparatus section, consists of the same anode, but in a 8.1M H2504 silica
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gel electrolyte. This cell cperates with humic air at room temperatutre
and pressure flowing over the gel and anode screen. Figure 23 15 a
comparison of two different standard cell current-voltage curves.
Figure 24 18 a comparison of the results of the standard cell l
and the "free electrolyte” cell. 1t is this comparison which is the
most significant aspect of the experimental work.
All figures are semi-logarithmic plots of current density
versus ancde potential, These are the usual Tafel graphs, voltage being
the linear coordinate and current density the logarithmic coordinate,

1. "Free Electrolyte' Results.

Figure 18 is a downward scan of potential between 2.00 V and
1.12 versus the reference electrode.’ The actual results are the
solid line; the dashed line represents the IR-corrected results. The
correction was made by subtracting the IR loss from the measured
potential difference. The value of the IR loss was calculated using
a specific resistance of 1.91 ohm cm (72) for 55 weight per cent sulfuric
acid at 25°C, an interelectrode distance of 2.0 to 2.5 em, and an elec-
trode surface area of 61.9 cmz. A sample calulation is given in the
Appendix.

A straight line can be readily drawn with a Tatel slope of
0.163 and an intercept at E, = 1.23 V versug NHE of 9.5 x 10#9 Alcmz.
This intercept 1s the exchange current density, i.. These values of
the Taiel slope and exchange current density agree well with litera-
ture values of 0.l4 and 10_9 to ]0“lO A/cmz, respectively (9, 41, 42)
for the anodic evolution of oxygen. Exact literature values of the
‘The reference electrode was a mercuty-mercutous sulfate electrcde (MMSE)
with a constant pctential of + 0 61 V vetsus the normal hydrogen elec-

trode (NHE). The potential of the normal hydrogen electrode is 0.0V
by convention.
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Tafe) slope and i, do not exist due to wide variation in experimental
conditions. Coupled with visual observations of the evolution of gases
at the anode and cathode, the experimental results mark the electro-
chemical reaction unmistakably as the electrolysis of water.

The existence of a straight line of the log i~E plot denotes

that the electrochemical reaction is activation controlled, i.,e. the

slowest step in the evolution of 02 under these experimental conditions
is the transfer of an electron at the anode surface. This is an expected
result ( 41; 42%.

Figure 19 gives results of an upward voltage scan followed by
a downward scan. Two Tafel lines are observed, with equal slopes of
0.17. The upward scan has an exchange current density of 7 = 10—9 A/cmz;
the downward scan's 1, is 1.5 x 10'-8 A/cmz.

The upward scan produces higher current densities than the
downward scan. This behavior is exactly opposite to what is expected (9),
namely, during the upward scap, an electronically conducting monolayer
of oxygen is being built up. During the downward scan, therefore, this
layer should already exist, hence the current should be higher. Un-
doubtedly, the oxygen layer 1s being built up during the upward voltage
scan However, its effect is small compared to the other considetations
of the experimental technique. In particular, the time between current
measutement and voltage adjustment is an important factor. In practice,
it was observed that 4n increaze in the voltage gave an initial rise in

current which gradually decreased. In order to maincain a consistent

basis for cbtaining data, a set procedure had to be established. This
assured obtaining continuous or 'smooth'" data. Time was not available

to follow some of the elithnrate techniques given in the literatuze (23,
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29, 50, 51) to obtaln exact current-volrage data.

The problem of developing a standard technique for data taking
is very common with the oxygen electrode (9). Varying techniques were
often used in the early studies of the oxygen e ectrode. Many times the
exact technique was not described accurately. The consequence of this
was irreproducibility of data. With this in mind, the data taking
procedure of these experiments is exactly specified in the apparatus
section. Moreover, it should be recognized that the exact current=
voltage curves were not necessary for solution of the thesis.problem,
i.e. the nature of the type of oxygen overvoltage at the anode can be
determined without exact data.

The difference in the upward and downward séans ig actually
due to a certain amount of "overshoot" from changing the potential and
recording the current at a fixed time (30 seconds) after the change.

The same argument applies to both the downward scan and the upward scanj
however, in practice, the downward scan was much more stable. Stability,
here, is defined as the rate at which the current responded to a voltage
change. So, even though the current density values for the upward scan
are higher, the results of the downward scan are more reliable. This is
further supported as 1. for the downward scan is cleoser to the literature
values than is the i, for the upward scan. (The same behavior is
present in experiments with the standard cell, i.e. in all cases, the
upward scan produced higher currents. The same explanation for this
phenomenon applies to the standard cell as to the "free electrolyte"
cell.)

The exact comparison of Tafel slopes and i.'s with literature

values is very difficult, as noted earlier. in particular, experimental

L
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conditions as given in the literature are generally controlled much more
rigorously than was feasible, or even desirable, for these experiments.
An example of the extreme in control of experimental conditions 1s that
of Kheifets and Rivlin (52). These Juthors used twice distilled water
for preparation of the sulfuric acid solutionm. The sulfuric acid was
chemically pure, distilled twice, and only the middie fraction of the
final distillation was used. All apparatus was made of glass. The
temperature was controlled to 1'0.l° C. Preanodization was carried out

for 10-15 days to ensure a stable, constant oxygen layer on the anode.

s ————_n e -

In contrast tc these conditions, the experiments of this work were per-
formed in a cell open to the air; preanodization was 25 minutes; singly
distilled water was used with stockroom HZSO4 (98.5% by weight}). Con~
g tamination of the solution and the electrode surface was inevitable.

- However, when one considers the ultimate use of the water electrolysis

cell, the lack of purity of experimental conditions is easlly justified.

!
e —

- e The actual cell in space cabia operation will be operating on alr which
contains water vapor exhaled by the cabin's occupants. This is certainly
not a pure system. Therefore, experimental tests were performed without

f:‘vl strict regard for system purity. The excellent agreement of experimental

> Yera—

E; [“ results with literature values shows that system purity was a minor

experimental factor; this was most likely due to the large electrode area,

61.9 cmz, which would "average out' any impurity effects.

g - Finally, with regard to the "free electrclyte' cell resuits,

one notes that IR losses only become significant at a current density

above 10_2 A/cm2 or 700 mA. Minor errors in calculation result from the
inaccuracy of the measurement of the distance between che anode and

cathode. 1ln general, a distance of 2.5 «m was used  The actual cell
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in spaceship operation has a design anode~cathode scparation of approxi-
mately 0.1 cm. This small separation gives a negligible IR loss, and
only a very dry electroliyte could cause a measurable IR loss., However,
as wlll be demonstrated later, a dry electrolyte has more serious
consequences than an increased IR loss. Therefore, in the actual cell,
IR losses do not constitute a significant portion of cell overvoltage.

2. Standard Cell) Results.

The results of experiments performed on the standard cell
apparatus are presented in Figures 20 to 22. There was no need to
correct these curves for IR loss because the current was never high
enough (approximately one amp) for IR loss to have a significant effect
(greater than 10 mV).

Two features of these results are immediately evident:

1. A difference in the current-voltage curves of the upward

and dowvnward voltage scans.

2. A linear semi-log region and a non-linear, sharply

increasing high-voltage region.

The difference between the upward and downward scan results
is due to experimental technique as described in the discussion of the
free electrolyte.

The second evident feature, namely the existence of two reglons
of the current-voltage curve, is unexpected. The initial linear semi-log
region has the typical oxygen evolution parameters. Slopes range from

0.15 to 0.177; exchange current densitles range from 8.5 x ].0-9 to

9.2 x 10-10. These are in good agreement with the literature values for
anodic oxygen evolution,

There is no reason, a priori, to expect the non-linear semi-log
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region of the current-voltage curves. This region beging at current
densities bhetween 10-3 and 10_4 A/cmz. It is characterized by an in-
, creasingly steep rise in voltage with respect to current density.

’ There is one significant feature of the standard cell current-

k ; voltage curves which is not readily apparent. The magnitude of the

current densities at higher potentials varied significantly among the

[ 3l
standard cells, In other words, the characteristics of the non-linear

semi-log region vary widely among the various standard cell assemblies.
For example, at a potential of 2.61 V vs NHE the current density 1s

3 A/cm2 in another. $imilarly,

i K 1.3 x 10"2 A/cm2 in one case and 3.6x 10

- the deviation from linear semi-log behavior begins at significantly

- different current densities. -
The explanation of this non-linear section of the standard

cell's Tafel plots is the heart of the discussion section of this work-

‘ Such an explanation if pursued below in the comparison of results of

the "free electrolyte" cell and the standard cell.

S 3. Comparison of "Free Electrolyte' Results and Standard

Cell Results.

e Figure 24 is a comparisocn of the downward scan cutrent=voltage
v {' curves of the "free electrolyte" cell and the standard cell  The "free
electrolyte" cell displays a linear Tafel plot which is explalned above.
The standard cell has a linear Tafel region and a non-linear regiom. The.
standard cell current-voltage curve is essentially the same as that of 1
:ﬁﬁf the "free electrolyte' cell at lower current densities (10—6 to 1074 A/cmz) 4
but diverges at higher curzent densities. The standard cell sh:ws

lower current densities at the same voltage than that of the "fiee elec-

trolyte". Moreover, the divergence lncreases with increasing current
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densities (or lncreasing voltages). lor example, at an anode potential

of 2.13 volts vs NIUE the frec electrolyte current density is

1.30 x 10—3A/cm2 and that of the standard cell is 5.6 X 10"4 A/cmz,

while at an anode potantial of 2,33 V vs NHE the free electrolyte current )
density is 1.85 x 1C—2 A/c,m2 and that of the standard cell is

2.10 x 10-.3 A/cmz.

e

L

One notices that the current-voltage curves of both cells
are not identical at lower curtent densities. The difference is very
minor and is due to different anode pretreatment conditlons. Although
all cells were operated with 25 minutes of preanodization at approxi-
mately 0.8 amps, other preanodization conditions effected minor differ-
ences in the Tafel slopes and intercepts. For example, the standard
cell apparatus was disassembled after a set of data had been obtained,
which caused the anode to be removed from the sulfurie acld solution for
a time. This had a minor effect on the nature of the platinum surface;
consequently, a minor difference in the Tafel slope and intercept is
observed.

At this point it is beneficial to briefly summarize the
experimental results of this work, before interpreting them. These
results can be listed as follows:

1. The "free electrolyte'" exhibits Tafel behavior throughout
the current density range investigated, when the results
are corrected from IR losses.

2. The standard cell follows Tafel behavior below L0"3 to
10-4 A/cm2 and then deviates from the linearity of the
semi-lot plot, This deviation is toward lower current den-

sities than the "free electrolyte" cell exhibits at a given
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potential.

3, The standard cells cxhibic significantly different be-
havior in the non-linear portion of the semi-~log current-
voltage plots.

B. Physical and Electrochemical lmplications of Experimental Results.

Why does the standard cell behave as described above? Appar-
ently, the sole limiting step in the electrochemical process 1s not
electron. transfer at the anode surface, because the standard cell does
not exhibit Tafel behavior at all potentials investigated. There are
several possible reasons which might explain the aforementioned phenomena.
The possibilities are:

1. <Concentration polarization. -

2. IR losses,

'f 3. Adsorptionm.
- " 4. Absorption of water.
;*ﬁ , 5. Surface coverage by oxygen.

It is important to be certain that any explanation covers not
only the experimental results of this work but also the findings of
o ‘_. previous studies, especially those of Bloom (8). ILn particular, any
v l explanation or "theory" must take into account the positive effects
— which resulted from cycling Bloom's standard cell,

E Each of the abcve possibilities 1s discussed in detail below
- 1

by 1) assuming the theory is correct, 2) presenting evidence to support 1

-

=\ the theory, 3) presenting evidence to negate the theory, and, 4) evaluat- 4
ing the theory by weigning the evidence.

1. Concentration Polarization.

The possibility and likelihood of concentration polarization at
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ihe anode has been discuasced above in "Literature Searca" mection. 1In
particular, Bloom (8) gives an approximate mathemat.ical approach to show
that concentration polarization is negligible. This author has already
pointed out in the"Literature search" section that one of Bloom's assump-
tions is possibly incorrect, namely that the diffusivity of H+ in a
silica gel matrix could be considerably different from its diffusivity

in sulfurie acid. Because of this.possible error, Bloom's conclusion
that negligible concentration polarization exists is suspect.

Clifford et.al. (13) claim that there is strong concentration
polarization. They present data, which, when corrected for IR loss,
strongly negate their claim. Clifford glves a Tafel plot with a slope
and intercept which agree well with the literature values for the anodic
evolution of oxygen; yet, he does not recognize this and still claims
concentration polarization to be the major component of anode overvoltage.
His data clearly support electron transfer control. One must conclude
that he has misinterpreted his results. This has also been discussed in
the "Literature 3earch' section.

Suppose that concentration polarization does indeed exist in the
experiments presented in this work end in Bloom's work. Then concentra-
tion polarization must explain the follewing phenomena:

1. Current densities are lower than expected.

2, There is improvement of the electrochemical system after

it has been turned off for five seconds.

As the anode potential increases from 1.7 V vs NHE toward
higher potentials, electrochemical kinetics dictate that oxygen must be
evolved faster and faster. The higher the voltage, the higher is the

current and evolution of oxygen. Thils requires, also, that a given
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water molecule must be able to diffuse to the anode as rapldly as it
reacts at the surface. If the diffusion process is slow compared to the
rate of reaction, the current will be limited by the rate of diffusion.
This rate will necessarily be slower than the electrokinetic process,

and hence a lower current ils obtained. This agrees with the experimental
results of this work.

Consider now the second point, that of improvement of cell con-
d-tions by turning the cell off. Suppose that Bloom's cell is operating
and a concentration gradient of water exlsts near the surface of the
electrode, What happens when the cell is turned off? The diffusion
process continues, independent of whether or not the cell is connected
or disconnected; the diffusion process occurs in a direction so as to
relieve the concentration gradient. More water molecules become
available at the surface. When the cell is reconnected the initial
current is higher due tc the presence of more water molecules at the
anode surface. This agrees with Bloom's experimental results.

Conceivably, then, concentration can be seen to explain the
observed phenomena. However, closer consideration of what should
actually occur if concentration polarization were the controlling
factor leads to some further hypotheses. First of all, if diffusion
controls the rate of reaction (i.e. current), then the current must reach
a constant or limiting value (see ''Theory' section). As the water
diffuses toward the surface, its rate depends only on the physical
properties of the system, not the anode potential. As the potential is
increased, the reaction rate can only be as great as the rate cf diffusion
of water molecules to the anode surface. This depends solely on the

diffusion coefficlent and mixing effects, which are not functicns of the

- .
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potential, Ko limiting curreut was cvex reached In these experiments;
the potential was increased as high as 3 volts vs NHE. Although the
standard cell current-volrage plots scem to approach a limicing current,
one must realize that these are semi-log plots; on linear coordinates,
no semblance of a limiting current is approached.

Secondly, consider the relieving of concentration "stresses"
which would occur while the cell is disconnected. The diffusion of
water molecules to the surface of the electcode must be rapid enough so
that significant improvement of the power characteristics occurs in five
seconds. Clearly, creation of a diffusion gradient in five minutes can-
not be relieved by diffusion in five seconds.

In light of the above congiderations, the existence of signifi-
cant concentration polarizatisn can safely be discounted.

2. 1R losses,

Although IR losses are discussed above, not all aspects of
this phenomenon have been investigated to this point. 1In particular,
in the standard cell experiments of this work, a membiane is present 1in
the cell which 1is not present in the "free electrolyte" cell. Secondly,
in Bloom's experiments water 1s absorbed by the gel from the passing alr
gtream and this decreases cell resistance. These two points are con-
sidered separately below.

Although there is an additional reslstance due to the prescnce
of the membrane, this was originally assumed to be negligible. The
membrane was saturated with 38M HZSO4 for two weeks prior its use 1n
experiments. Suppose, however, that the membrane does have a large
resistance. This could account for a decrease in current (compared to

the "free electrolyte"). This could not account, however, for any
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improvement obtained by cyciing. The membrance resistance is not a lunc-
tion of time; hence, no Improvement in current would be expected from
cyclic oreration of the celi. In conclusion, large membrane resistance
1s not a real possibility in explaining improvement in cell performance
due to cyclic operation.

Consider what happens to the gel electrolyte during the "off"
cycle of Bloom's experiments. Watex is absorbed from the passing humid
air stream. This has the effect of lowering the resistance of the elec-
trolyte, hence increasing the current through it once the cell is re-
connected. However, a simple mass balance'! shows that during the five
seconds in which the cell is disconnected, the total amount of water in
the cell increases by less than 0.005% of the original amount. This
increase in water content is negligible and has no measurable effect on
the electrolyte resistivity. Another negative consideration is the
erratic current behavior at high currents, as observed in the experi-
ments of thils work. A simple IR loss is a smooth, continuous effect,
Furthermore, one should consider the wide variance in celil behavior
among ¢tandard cells., One could argue that the cells weie prepared
differently in terms of the amount of gel applied and that this could
account for the IR loss being different among standard cells Bloom (8),
however has shown that the amount of silica in the gel (10 weight per
cent) has very little effect on the resistivity of the electrolyte.
Therefore, the resistance due to the gel 1s essentially the same among
standard cells. Likewise, the membrane resistance is idential Lrom cell
IThis mass balance was performed by using the rate of water absorption
data of Connor (14)., These data were checked (by Faraday's law) against
Floom's steady state current of 0.92 amps. Agreement was found to ne

withln 3%, hence verifying both Connor's data and Bloom's current measutre-
ment technique., (See Appendix.)

[
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to cell. Therefore, IR losses canncy explain the varying behavior of
the standard cells.

With so much evidence against it, LR loss cannot be a real
possibility in explaining the results of this work and of Bloom's (69)
work.

3, Water Absorbtion and Overvoltage Decrease.

A net amount of water is absorbed by the electrolyte during
the "off" cycle; this causes a decrease in the concentration of the
sulfuric acid electrolyte. According tc the findings of Kheifets and
Rivlin (51) and Efimov and Izgaryshev (23), a shift toward a lower 1-12504
concentration causes an increase in current. The amount of this shift
depends on the concentration and the potential. According to the data of
Efimov and Izgaryshev, (see Figure 11) Bloom's experiments were performed
in a very concentration-sensitive range. Hence, a small change in
sulfuric acid concentration could produce a relatively large change in
current (at a given potential). However, as pointed out in the argu-
ment agalnst significant IR losses, the amount of water absorbed by the
gel electrolyte in five secends is very small compared to the tcetal
amount of water in the electreclyte. But, there is one further con~
sideration here. The absorbed water can be considered to ezist only at
the protruding electrode surface in this case, the amount of water
absorbed must be compared to the tctal amount of water which exists in

the Nernst diffugion layer. 1f one takes a common value of 0,005 cm as

the thickness of the diffusicn layer and compares the amcunt of water
absoibed tc the volume of the diffusion layery one finds that the
change in concentration 1in the diffusion laver is omly 0 13% (ihe cal-

culations are preseuted tn the Appendix). By examining kiguxc 11, one
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can see that this composition change has a swall effect on the current,

A further conslderation is that water adsorption could not
cause the non-linear section of the Tafel plots presented in tnis work.
Since the experiments of this work were carried out in an essentially
infinite supply of 8.0 M H2804, water adsocrption could have had no
effect on the experiments, The electrode surface "saw" only 8.0 M HZSO4
at all times. Hence, it can safely be concluded that water adsorption
ig not a viable explanation of experimental results.

4, Adsorption.

The standard cell data of this work bear a definite similarity
to the data of Efimov and Izgaryshev (see Figure 11). On a current-
voltage plot a Tafel region is followed by a region of steep slope. The
data of Efimov and Izgaryshev exhibit another Tafel region after the
region of steep slope; however, their anode potentials are considerably
higher in the upper Tafel region than any of the potentials investigated
in this work. WNevertheless, the question arises as to whether or not
the presence of silica gel could act so as to enhance the adscrption
process. As in previous cases, the discussion continues assuming that
this is so, i.e. the standard cell results are due to adsorption
phenomena.

The first point to bé addressed is that of the "Jumps" in
current which are observed at higher current densities. One would not
crdinarily expect this type of phenomenon in an adsorption process.
Current-voltage behavior which accompanies ordinary adsorption processes
is smooth. However, the anodic evolution of oxygen has been shown (23)
to possess this erratic behavior. Efimov and lzgaryshev explained this

1n the following way: The species which are about to be adsctbed (e.8-
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sulfate and persulfate ions) are violently disturbed by the oxygen
bubbles evolved at the surface. Hence, the adsorption of these specled
is somewhat irregular. In support of this iInterpretation, Efimov and
Izgrayshev cited the improvement due to stirring. They noted a 20-30 mV
enhancement caused by more continuous adsorption of the sulfate and
persulfate ions. Hence, the ahove explanation of Efimov and Izgaryshev
could account for the unsteady current behavior noted in the experiments
of this work.

The most important gquestion to be asked is whether or not this
proposed adsorption phenomenon can explain the increased current caused
by Bloom's cycling (8). Consider one complete cycle:

a. The cell is in operation.

b. The cell is discomnected for approximately five seconds.

¢. The cell is then reconnected.

Each of these steps in the cycle is discussed separately below:

a. The cell is in operation: At the anode surface there are
two competing adserption processes. The first is the
adsorptien of 02 and formation of a monolayer of adsorbed
oxygen. This process enhances the evolution of oxygen
and causes an increase in current. The second (proposed)
adsorption process is that of sulfate and persulfate ions,
According to the data of Efimov and Lzgaryshev (23), this
decreases the current. The relative rates of adsorption
of oxygen and sulfate and persulfate ions are unknown.

b, The cell is disconnected: Evolution of oxygen drops rapid-
ly. The specles which were adsorbed during cell cperatiom

are subsequently desorbed. The oxygen monolayer desorbs;

-m
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this is deterimental to the evolution ol oxygen. The
sulfate and persulfate ions desorb; this enchances the
evolution of oxygen. The relative rates of desorption
are unknown.
¢. The cell is reconnected. Oxygen evclution begins immedi-
ately on the anode surface which is present at the end of
the second process., The initial rate of oxygen evolution
depends on the nature of the anode surface. If the surface
of the anode ig improved over what it was before the cell
was disconnected, the initial current will be correspond-
ingly higher. The converse is also true. Hence, Lt is
possible to obtain ar increase in initial current due to
ceyeling, Obviously, this depends on the relative rates of
adsorption and desorption of the various species.
The "nature" of the anode surface can be described by the
coverage, 8, of each species. The greater the coverage by adsorbed 02,
the larger the current. The greater the coverage by sulfate and per-
sultfate ions, the smaller the current A bare Pt site ie better for the
evolution of 02 than a site with adsorbed sulfate cr persulfate ions.
It Is worse than a site with an adsorbed 02 molecule,
Bloom further nmotes an optimum "oft" cycle time. Can this
be explained by the above adoscrption and desorption processes? This
question 1s equivalent to one which asks 1if the relative adscrption
and desorption rates can be such that the surface reaches an optlmum
state. The answer 18 clearly yes. TFor example, suppose that when the
cell is disconnected, sulfacre and persulfate ions desorb rapldly and are

easentially desorbed after five seconds. Any extension ot thi- "off"




.
—————— e ——— S

© o, N S a - = ‘=

~ 110 -

time beyond five seconds will be detrimental to the anode surface; 02
will be desorbing and bare Pt sites will be formed. This is not a net
benefit to the anode surface. Similarly if the "off" time is less than
five seconds, all the sulfate and persulfate ilons will not have desorbed.
Consequently, current will not be as great as it could be, once the cell
is recomnected. Therefore, an optimum "off" time of five seconds may
exiat.

One other point to be considered is the difference in cyeclice
behavior between electrode materials. 1f adsorption processes exist, one
would expect the specific behavior to be dependent on the type of elec~
trode material. Adsorption and desorption rates could exist which fit
the experimental data of both electrode materials which Blcom studied.

It has now been established that adsorption processes, as
described above, could account. for the important results of this work
and Bloom's work (8). It must furthermore be established that these
adsorption processes are consistent with other less important observa-
tions.

The most obvious inconsistercy lies in a comparison of the
standard cell current-voltage curves of this work and those of Efimov
and Izgaryshev, The steep slope of their work begins at current densities

of 10-2 2

A/cm2 whereas this occurs at 10-4 A/cm” in this work. Since
there was no steep slope in the "free electrolyte' results of this work,

one must conclude that the proposed adsorption 1is due to the presence of

eilica. However, silica was originally chosen for the water vapor elec-
trolysis cell because it is extremely inert. in fact, commercial silica,
such as that used in this work, is made by a process using a sulfuric

acid bath. One would not expect the silica gel used in these experiments

r
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to affect the platinum surface sc as to make ftt sensitive to adsorption.

Strong evidence against the proposition cf significant adsorp-
tion processes 1s the remarkable variation which was noticed in the
current-voltage behavior of different standard cells (see Figure 23).
The example given above 1ls that at an ancde potential of 2.61 V vs NHE,
one standard cell had a current density of 1.3 x 10"2 A/cm2 and another
standard cell had a current density of 3.6 V 10—3 A/cmz. This is a
difference of three hundred percent. Even if adsorption processes are
responsible for the standard cell behavior and silica enhances these
adsorption processes, there should not be such a large difference in
behavior from cell to ce.’. The silica gl used in all experiments was
taken from the same batch. Since the silica gel itself did not differ
from experiment to experiment, this cannot be responsible for the unusual
differences noted above.

5. Oxygen Coverage.

Thus far, all of the conventional possibilities have been
shown to be inconsistent with experimental results. Hence cne must turn
to an "unconventional' explanation of the experimental results. Yet,
1t is possible to learn much from the type of arguments presented in the
discussicn of the conventional possibilities. In particular, the argu-
ments regarding elecirode surface coverage aie atrractive.

A fundamental difference between the standard ceil and the
"free electrolye" cell 1s the presence of a thick, viscous electrolyte
covering the inode. 1t 1s pcssible, cherefore, that¢ evolved oxygen will
have difficulty in escaping from the electrolyte In tsir, it 1is
rossible that an evolved oxygen bubble could remain on the surface of

the electrode until conditions are such that it will cscape. 1f bubbles

1A
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~do remain on the surface, then the area available for electrochemical

reaction is decreased. Consequently, the cell cuxrent is less and

current density based on the total cell area is alsc decreased., In

other words, the explanation being proposed here is this: Because of
the presence of a thick, visccus electrolyte on the surface of the alec-
trode, evolved oxygen bubbles are trapped on the anode surface. This
decreases the area available for electrolysis. Further implications of
rhis "theory'" are explored below.

Consider how the above argument applies to the results of this
work. TFirst of all, the difference between the "free electrolyte' be-
havior and standard cell behavior is most pronounced at higher currents.
One might expect that, if oxygen is trapped on the surface, the amount
of electrode surface covered by gaseous 02 would increase with increasing
oxygen evolution. This is precisely what is found, i.e, the higher the
current the more pronounced is the surface coverage effect. Consequently,
the current density characteristics of the standard cell deviate most
from the "free electrolyte' behavior at higher currents.

The most natural question at this peint is, "Why doesn't this
deviating behavior show up at even lower current densities?" There are
two possible answers: 1) The rate of oxygen evolution 1s so small at low
current densities that essentially no measurable surface coverage is
observed, and 2) the evolved bubbles might be so small that they easily
find a path away from the electrode surface.

The proposition of bubble entrapmen’ is attractive from the
standpoint of explaining the high degree of current 'jumps" or unsteadi-
ness at high currents. One would expect that if a large bubble breaks

loose from the surface, there would be a small but rapid rise in the
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ohserved current.

Bloom's results can be treated by almost identical surface
coverage arguments as glven for the adsorption processes. The following
situatlon can easily be hypothesized: The cell is in operation; oxygen
bubbles cover p.it of the electrode surface. These bubbles have reached
a steady state where they are removed into the passing air stream at the
game rate they are formed on the surface. The cell is disconnected. No
more bubbles are evolved; however some bubbles still escape from the
electrode surface. After five seconds the cell is reconnected., Now,
the surfare has virtually no bubbles remaining on it. Therefore, there
{s an initial current surge utilizing the full electrode surface,
Gradually, the surface reaches a steady state coverage again, and the
cycle is repeated.

The most important assumption in this explanation is that the
bubbles can escape from the surface in a matter of seconds when the cell
is disconnected. It is important to keep in mind that the bubbles must
not necessarily be completely removed from the gel into the passing air

atream, The bubbles need only be removed from the electrode surface.

This could be a very small distance indeed. All that is 1egquired for a
current surge is that the anode surface be in contact with the sulfuric
acid solution and that there be few or no "bare spots' on the electrode
surface.

Although the nature of oxygen bubble removal is unclear, an
analogy to Bloom's fuel cell effect appears attractive. Bloom noticed
that when he turned his cell off it "acted as a fuel cell, consuming

hydrogen and oxygen to make water". He noticed the bubble in his

hydrogen collection bubble meter drop steadily, thereby signifying the
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consumption of hydrogen. Had the hydrogen not been 1n a closed system
{i.e. simply vented instead of trapped by a soap bubble in the bubble
meter), Bloom would not have seen a prolonged fuel cell effect. The
hydrogen would have escaped into the atmosphere instead of being ''sucked ¢
in" by the cell., Nevertheless, this fuel cell effect ralses the interest-
ing possibility that any oxygen and hydrogen remaining on the surface of -
the electrode will be consumed by the fuel cell effect. In the case
proposed here, oxygen and hydrogen are both trapped by the viscous gel.
This would mean that the phenomenon of bubble entrapment by the gel on
the electrode surface not only causes lower than expected currents but
also causes thelr rapid removal when the cell is disconnected.
The oxygen bubble can now be seen as having two possible paths .

for removal from the electrode sutrface: 1) natural density differences,

' surface forces, and surface tensions, and 2) the fuel call effect.

-

Bloom's investigation of cyclic behavior shows that different

electrode materials exhibit different cyclic characteristics. Although
[ these findings have already been shown to be suspect (see "Literature
Search") they are discussed here. In particular, in the immediate reglen

of zero "off" time, the spegific power censumption of bright platinum

h&wfk

i ‘ increased with decreasing "off" time, the reverse of the platimum-

r: : tantulum cell case. At first glance, these results appear to contradict
v - the oxygen entrapment explanation. Platinum~tantulum has a higher

E; specific area than bright platinum, Consequently the current density
Lﬁ& : should be higher at a given potential and oxygen entrapment should also

be greater. One would therefore expect more of an entrapment effect on
the platinum-tantulum screen than on the bright platinum screen-

Bloom offers an explanation for the phenomena discussed above.

-
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This turns out to [i1t very well ints the pleture of oxygen enirapment
and fuel cell removal of entrapped oxygen. Bloom noticed a difference
' in the degree to which the fuel cell reaction was matnraincd on the
Pt-Ta electrode and on the bright platinum elec rrode In particular he |

noted that the Pt~Ta elcctrode used up the hydrogen vetry quickly and

S

exhibited a strong fuel cell reaction. The bright platinum electrode -
did not exhibit as strong a fuel cell reaction as the Pt-Ta electrade, ~
and, in fact, was relatively weak. If this is true and the theory of
' oxygen entrapment is held, then one would expect that in the neighborhood
i of zaro "off" time more oxygen would be removed from the surface of the

Pt~Ta electrode and its specific power consumption correspondingly lower

than that of the bright electrosde. This is, in fact, what Bloom

observed, It was only in this area, i.-e. specific power consumption near
J zero "off" time that Bloom noticed a difference between the two electrode
“ types. Why this different susceptibility existed for the fuel cell
‘i reaction is still another question. Bloom uffeis a possible explanation
- of differences in the adsorbed conducting monolayer of oxygen on the two
| types, but concedes that,''No explanation 1is presently available for the
effect."”

The other path of oxygen removal, i.e. out through the gel,
- should also be considered here. 1In this case the sitvation is also
LT complex.
If oxygen entrapment occurs, then it is important to considet
. what factors influence its enhancement and its abatement. Bubble size
is certainly an important consideratiom, although it 1s not ¢bvious if

smaller ot larger bubbles are mecre easily removed. Similarly, gel thick-

ness and gel viscosity are very imper‘ant  The sncde suorlace and sutface
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forces also way play a major role in controlling cxygen entrapment. More-

over, one suzface might give risc to amall bubbles and annther to laige

bubbles. The speciiic pretreatment of a given electrode material may also

be a factoc. In other words, different electrodes of the same baslc

material may exhibit different bubble forming and entrapping character~

istics. All of these factors must be taken into account to be able to

safely predict the behavior of a given cell. Obviously, little 1is known

about any of these factors. Therefore, particular results such as Bloom's

work on different electrodes, are extremely difficult to evaluate. For

example, the bright platinum screen might evolve very small bubbles

which are more easily removed from the electrode surface through the

gel than the bubbles generated by the Pt-Ta electrode. At present, there

is no way of determining exactly what occurs at a particular electrode.
Finally, there is the interesting result of this work that

there can be significant differences in the current-voltage relationship

from one standard cell to another. This can be explained by the fact

that there is no rigorous, standard method to spread the gel onto the

electrodes., If the gel thickness varies from standard cell ro standard

cell, then the degree of oxygen bubble entrapment will also vary. This

is what most likely occurs. The gel is spread onto the anode with a

«tainless steel spatula. It is pressed through the sLreen to ensure

total screen coverage. However, the gel thickness is not uniform over

the screen., Nor is the gel thickness the same from cell. te cell, There

is no way of determining how much the thickness varies, but 1t is certain

that there is no specific uniformity. Consequently, entrapment 1s likely

ro vary from cell to cell. This is, in fact, fcund tc be the case, i.e.

current varies significantly from cell to cell at highet volrages.
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0f all the evidence presented above, very little, il any, can
be considered to be positive evidence. AlL evidence has been used to
determine why a particular theory can not prevatl, and how one theory,
oxygen entrapment, can be shown tc account for the accompanying experl-

mental results. However, no evidence has been presented which positively

identifies entrapped oxygen as the "culprit". Instead, arguments have

been presented to show that oxygen entrapment can explain all,

Three cases of positive evidence are presented below:

1. The "anode effect'of Efimov and lzgrayshev.

2. Literature mention of exygen removal to prevent 'mass

transfer" effects.

3, Vibration of the standard cell.

The "anode eftect" of Efimov and lzgaryshev (8) 1s not the
same as the oxygen entrapment which is proposed in this work., It 1is,
however, similar in nature. What Efimov and Izgaryshev found was that

at very high voltages (>3.5 V) large oxygen bubbles became paralyzed on

the anode surface. The presence of these bubbles caused a sharp decrease

in cell.current because available surface area was severely diminshed.
This is similar to the proposal of this work, namely that entrapped
surface oxygen has a detrimental effect on cell current. Alchough the
cause of paralyzed oxygen on the surface is different in the two cases,
the result 1s essentially the same.

Occasionally in the literature (e.-g. 51) there is a reference
to the experimental technique of passing nitrogen over the anode surface.
Although the reascns glven for use oi this technique are often unclear,
it is usually done to pravent "mass transfer" efiects. In this case,

what is probably meant is the removal of oxygen from the electrode surface
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to ensure a continuously "elear" surface,

Finally, during the experimental work of this thesis, the
poasibility of oxygen entrapment was realized., Consequently, during
operation at higher currents the cell was banged with the handle of a
sorewdriver. The result was a small jump in the current. This un-
scientific procedure was repeated periodically and it generally produced
the same result. The cell unilt was assembled very firmly, so that it
was difficult to cause a significant disturbance within the cell itself,
Moreover, the procedure of knocking the cell was limited because this
caused splashing of the sulfuric acid solution in which the total cell
was immersed. This was very hazardous to the operator. Although this
minor experiment is inconclusive, it offers some positive evidence that
oxygen is, in fact, trapped on the screen. Work is presently in
progress at Battelle Institute, Ohio, in which the cell is being
vibration-tested. These results could provide further evidence of

oxygen entrapment.

Ll
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ViTl. CONCLUSIONS AND RECOMMENDATIONS

The experimental cesults of this work have shown that anode
overvoltage of the electrolysis of water vapor in 8 M H2304 silica gel
electrelyte at bright platinum electrodes is electron transfer controlled
throughout the experimental range of anode potentials. The evidence
for this is the agreement between the values of Tafel slopes and ex- ¢
change current densitles of this work and literature values. Activation -
control is also assumed to be the determining factor at high standard
cell anode potentials, although the surface area available for reaction
is decreased.

Furthermore, the results of this work Lave been shown to be
compatible with a theory of "oxygen entrapment' at the standard cell
anode. Other possible explanations are discounted for a variety of con-
tradictions with experimental results. "Oxygen entrapment' as such, is
the situation whereby oxsgen evolved at the anode surface becomes trapped
due to the presence of a thick, viscous gel electrolyte. Such entrapment
causes a decrease in the available area for electrochemical reaction.
Consequently, there 1s a decrease in the effective current density. The
results of Bloom's (8) experiments on cyclic operation of the water vapor
electrolysis cell have been shcwn to be compatible with "oxygen entrapment”
and 1ts removal from the electrode surface when the cell is disconnected.

The majority of evidence tor che existence of cxygen entrapment
is indirect. Although there is a significant accumulation of indirect
evidence, it would be beneficial to have an equal arsenal of direct
evidence. Untortunately, little direct, or positive, evidence exiets.
Therefore, 1t is recomnended here that methods be devised whereby direct

evidence can be obtained. This is understandably diificult because visual
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methods are necessarily excluded due to the nature of the cell. Vibra-

tion testing, under carefully controlled experimental conditions, could

yield valuable data. Moreover, a fixed method of gel preparation and

application to the anode screen 1s recommended. Finally, quantitative )
comparison of results using different gel matrix materials could yield

valuable information. All of the experiments suggested above deal -
with a different aspect of the formation and removal of entrapped oxygen,

a new area of experimental and analytical investigation which has been

identified by thie thesis.

an
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I1X, NOMENCLATURE
activity
constant in Tafel equation
constant in Tafel equation
surface area
exponent constant
concentration
capacitance
diffusion coefficient
electron
potential
half-wave potential
activity coefficient
Faraday constant
Gibbs free energy
stoichiometric number
current density
electrochemical speclies
Randles - Seveik constant
rate constant
number of hydrogen ions
molarity
number of electrons
number of equivalents
normality
flux

charge

A
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speed of rotation

gas law constant

time

transference number
absolute temperature
sweap rate

linear dimension

number of water molecules

Subseripts and Superscripts

anedic
adsorption
bulk phase
backward
cathodic
diffusion
double layer
forward
heterogeneous
limiting
liquid-1liquid
oxidized form
peak current
reduced form
standard case

standard case

vu*" %




i

(LA

S

I Y

- 123 -

Greek Letters

transfer coefficienc
diffusion layer
electrochemical potential
equilibrium pocential

zeta potential

overvoltage

Cox! “Red

stoichiometric coefiicient
resistivity

)1/2
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A. Appendix A = Experimental Data.

The experimental data are presented from which Figures 18-24
were constructed. The data are presented in tables of anode potentilal
versus reference.electrode potential, cell current, and cell current
density. Of course, current density was not a datum which was recorded
during the experiments, However, Flgures 18-24 are plots of potential )
versus current density, and therefore, current density is also tabulated )
to facilitate any checking with the plotted results. All current
densities were obtained by dividing the current by the electrode surface
area, 61.9 cmz. Experimental notes and conditions are presented as they
appeared on the original data sheets. The reference electrode was a

mercury-mercurous sulfate sleeve junction electrode with a potential of

40,61 V versus the normal hydrogen electrode, +0.0 V.
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Table 6
FREE ELECTROLY1TE -~ DOWNWARD SCAN
FIGURE 18, #1

Preanodization = 25 winutes at 1000 mA
Interelectrode distance = 2.5 cm

E va Ref (Volts) 1 (mA) L (M)
2.00 3200 5.18 x 1072
1.98 - -

1.96 2700 4.38 x 1072
1.94 - -

1.92 2300 3.72 x 1072
1.88 2000 3.24 % 1072
1.86 1800 2.92 x 1072
1.84 1600 2.59 x 1072
1.82 1500 2.43 x 1072
1.80 1350 2.19 x 1072
1.78 1150 1.86 x 1072
1.76" 1050 1.70 x 10”2
1,74 940 1.52 x 1072
1.72 760 1.23 x 1072
1.70 620 1.00 x 1072
1.68 495 8.00 x 107>
1.66 405 6.56 x 1073
1.64 330 5.35 x 107>
1.62 275 4,45 x 1073
1.60 200 3.24 % 1077
1.58 165 2.67 x 1077

1.56 135 2.19 x 10




]

E ve Ref (Volts)

154"
1.52
1.50
1.48
1.46
1.44
1.42
1.40
1.38
1.36
1.34"
1.32
1.30
1.28
1.26
1.24
1.22
1.20
1.18
1.16
1.14
1.12

*Current jump noted.
Temp, = 80°F.

Adr Flow Rate = 24 cmalsec.

Rel. Hum. = 51%.

8.1 M H2804 solution.
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Table 6 (Conclinded)

!

mh
105"
81
56.5
40.0
31.0
23.5
19.5
14.0.
12,0
8.40
6.30*
4,20
2.90
2.30
1.65
1.30
1.10
0.81
0.54
0.37
0,285

0.19

3.15 x 10~
2.27 x 10
1.94.x.10
1.36 x 10
1.02 x 10
6.80 x 10
4,70 x 10
3.72 x 10~
2.67 x 10
2.11 x 10
1.78 x 10
1,31 x 10
8.25 x 10

6.0 x 10°°

4.61 x 10°°

3.08 x 10" °

-l
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Table 7
IREF FELECTROLYTE -~ UPWARD SCAN
FIGURE 19, #2

Preanodization = 25 minutes at 820 mA
Interclectroce distance ='2.5 cm

E vs Ref (Volts) I (mA) 1 (A/cmzz
1.12 1.10 1.78 x 107"
1.14 125 2.02 x 107
1.16 1.45 2.35 x 107>
1.18 - -

1,20 2,60 4.21 x 107°
1.22 - -
1.24 4.80 7.77 x 107
1.26 - -
1.28 9.0 1.45 x 1074
1.30 - -
1.32 15.0 2.43 x 107
1.34 - _
1.36 30.0 4.86 x 107"
1.38 - -
1.40 45.0 7.29 x 107
1.42 58.0 9.40 x 107
1.44 69.0 1.11 x 1073
1.46 91.5 1.47 x 1073
1.48 130 2.11 x 1072
1.50 155 2.55 x 107
1.52 - -

-3

1.54 250 4.04 % 10




|
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Table 7 (Concluded)
I va Ref (Volts) 1 (mA) i ga/cng

_ 1.56 - -
1.58 330 5.34 x 107
1.60 - -
1.62 400 6.48 x 107
164 480 7,77 x 107
1.66 530 8.57 x 1073
1.68 585 9.46 x 107>
1.70 - -
1.72 690 1.11 x 1072
1.74 - -
1.76 770 1,25 x 107
1.78 - -
1.80 890 1.44 x 1072
1.82 - -
1.84 | 1150 1.86 x 107>
1.86 1400 2.27 x 1072
1.88 - -
1.90 - -
1.92 1500 2.43 x 1072
1.94 - -
1.96 1700 2.75 x 1072
1.98 - -
2.00 1850 2.99 x 1072

Experimental note: At low currents (1-10 mA) the current decreased after
a step change in potential.




E vs Ref (Volts)

2.00

1.98

1.96

1.94

1.92

1.90

1.88

1.86

1.84

i.82

1.80

1.78

1.76

1.74

1.72

1.70

1.68

1.66

1| 64

1.62

1-60

1.58

1.56
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Table 8
DOWNWARD SCAN
FIGURE 19, #3

L (ma)
1900

1700

1450

1250

990
865
780
695
615
540
460

415

310

225

160

130

i (A/en’)
3.07 x 102

2.75

2.34

2.02

1.60
1.40
1.26
1.12
2.95
8.75
7.45

6.72

5.02

3.64

259

2.11

X

10"2
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Table 8 (Concluded)

E vs Ref (Volts) I (mA) I gA/cmzz
1.54 84.0 1,36 x 1073
vvvvvvv 1.52 66.5 1.08 x 107>
1.50 52,5 8.50 x 1074
; 1.48 37.5 6.06 x 1074
o 1.46 - _
- 1.44 26.0 4.21 x 107
i} 1.42 - -
o 1.40 20.5 3.32 x 107
1.38 12.5 2.02 x 107%
1.36 9.70 1.57 x 107
1.34 7.15 1.16 x 107%
1.32 5.40 8.75 x 107°
1.30 4.10 6,65 x 107
1.28 2.90 4.70 x 107
1.26 - -
1.24 2.00 3,22 x 107
1.22 1.40 2.27 x 107°
1.20 . 1,15 1.86 x 1077
1.18 .77 1.25 x 107
1.16 160 9.70 x 10°°
1.14 .45 7.30 x 10°°
112 .35 5.67 x 1070
Temp., = 80°F.

Atr Flow Rate = 24 cm3/Sec.
Rel. Hum. = 50%.

8.1 M stO4 solution.

PR -
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Table 9
STANDARD CELL - UPWARD SCAN
FIGURE 20, {1

Preanodization = 15 minutes at 800 mA
Interelectrode distance = 2.5 cm

E vs Ref (Volts) I (md) i /cmz
1.12 0.330 5.35 x 10°°
1.14 0.490 7.95 x 107°
1.16 0.660 1.08 x 107>
1.18 0.990 1.61 x 107°
1.20 1.45 2.35 x 107
1.22 2.10 3.40 x 107°
1.24 2.65 4.29 x 107
1.26 3,80 6.15 x 107>
1.28 4.90 7.95 x 107°
1.30 6.50 1.05 x 1074
1.32 8.90 1.44 x 107%
1.34 12.0 1.94 x 107
1.36 15.0 2.42 x 107
1.38 21.5 3.45 x 107"
1.40 28.5 4.62 x 107
1.42 - -

1. 44 47.0 7.60 % 1074
1.46 - -
1.48 77.5 1.25 x 107
1.50 93.0 1.51 x 107>
1.52 120 1.94 x 107°
1.54 - .

-




E vas Ref (Volts)

1.56
1.58
1.60
1.62
1.64
1.66
1.68
1.70
1.72
1.74
1.76
1.78
1.80
1.82
1.84
1.86
1.88
1.90
1.92
1,94
1.96
1.98

2.00

Alr flow Rate = 24 cm3/Sec.

Temp. = 81°F,
Rel. Hum. = 50%0

Experimental Note: Instability

iness".
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Table % (Concluded)

1 (mA)

265

330

390

450

510

575

655

690

735

775

800

830

i gA/cmZQ

3.40

4.28

5.34

6.30

7.28

9.30

1.06

1.12
1.19
1.25
1.29

1.34

of current recorder above 600 mA; ''jump-

£Te

—_——




s IR

R

E va Ref (Volts)

2.00
1.98
1.9
1.94
1.92
1.%0
1.88
1.86
1.84
1.82
1.80
1.78
1.76
1.74
1.72
1.70
1.68
1.66
1.64
1.62
1.60
1.58

1.56

- 138 -

Table 10
DOWNWARD SCAN

FIGURE 20, #2

725

640

560

505

430

360

300

245

190

155

115

i gA[cm%L
131 x 1072
1.17 x 1072
1.03 x 1072
9.06 x 107>
8.18 x 107>
6.96 x 107>
5.82 x 107>
4.86 x 1072
3.96 x 1072
3.08 x 107
2.51 x 1072
1,86 x 107




i
!

e

e

E vs Ref (Volts)

1.54
1.52
1.50
1.48
1.46
1.44
1.42
1.40
1.38
1.36
1.34
1.32
1.30
1.28
1.26
1.24
1.22
1.20
1.18
1.16
1.14

1.12
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Table 10 (Concluded)

27.5

17.5

11.5

6.30
4.65
3.40
2.50

1.80

1.25
0.775
0.60
0.42

0.33

7.45

4.45

2.84

1.86

1.02
7.50
5.49
4.03

2.91

2.02
1.25
9.70
6.80

5.34

ORI N
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Table L1
STANDARD CELI, - DOWNWARD SCAN
FIGURE 21, #3

Preanndization = 20 minutes at 700 mA
Interelectrode distance = 2.9 cm

: E vs Ref (Volts) I (A i gA/cm2

2,00 670 1.08 x 1072

1.98 615 9.95 x 107

1.96 595 9.60 x 107>

1.94 560 9.05 x 107>
? 1,92 530 8.57 x 107>
' 1.90 500 8.09 x 107>
I 1.88 455 7.35 x 1072
| 1.86 430 6.95 x 107>
| 1.84 400 6.47 x 107
_ 1.82 370 5.98 x 107>
i 1.80 - -

1.78 310 s.0L x 1073

1.76 - -

1.74 260 4.21 % 1073

1.72 - -

1.70 210 340 x 1072

1.68 - -

1.66 170 2.75 x 1072

1.64 - -

1.62 130 2,10 x 1073

1.60 - -

1.58 100 1.62 x 10




Y4t

F va Ref (Volts)

Alr Flow Rate =
= 76°Fa

Temp,
Rel.,

Hunm.

= 50%

1.56
1.54
1.52
1.50
1.48
1.46
1.44
1.42
1.40
1.38
1.36
1.34
1.32
1.30
1.28
1.26
1.24
1.22
1.20
1.18
1.16
1.14
1,12

24 cm3/Sec.
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Table 11 (Concluded)
I ()
69
56
46.5
38.5
27.5
22.5

18.0

12.0
9.20
7.00
5.00
4.20
3.15
2.35
1.90
1.45
1.20
0.86
0.595
0.410
0.330

0.265

i

/om

2

1.12 x 1073

9.05
7.51
6.21
4.45
3.64

2,91

1.94
1.49
1.13
8.08
6.78
5.09
3.80
3.07
2.34
1.94
1.39
9.61
6.62
5.33
4.28

X

X

2074

1072

s
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Table 12

STANDARD CELL - UPWARD SCAN

E ve Ref (Volts)

1.12
1.14
1.16
1.18
1.20
1.22
1.24
1.26
1.28
1.30
1.32
1.34
1.36
1.38
1,40
1,42
1.44
1.46
1.48
1.50
1.52
1.54

1.56

FIGURE 21, {4
L)
0.250
0.355
0.460
0.720
1.20
1.60
2.25
2,90
3.95
5.65
7.40
9.65
11..0
14.0
19.0
26 5

33.0

51.0
58.0
66.0
81.0

120

i gA/cmzz

4.03 x 10~

5.74
7.44
1.16
1.94
2.59
3.64
4.69
6.39
9.12
1.20
1.53
1.78
2.26
3.07
4.12

5.33

8.25
9.38
1.10
1.31

1.94

X

X

6

1076

1070

107>

107°

1072

1077

1072

1077

107>

1074

1074

1074

1074

1074




s S e

R
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Table 12 (Continued)

E vs Ref (Volts) T (mA i /cm2
1.58 - -
1.60 170 2.75 x 107
1062 . - -
1.64 230 3.72 x 107>
1.66 - -
1.68 290 4,69 x 107>
1.70 - -
1.72 350 5.66 x 107>
1.74 - -
1.76 415 6.70 x 107
1.78 - -
1.80 490 7.92 x 107>
1.82 - -
1.84 555 8.96 x 107>
1.86 - -
1.88 620 1.00 x 1072
1.90 - -
1.92 700 1.13 x 1072
1.94 735 1.19 x 1072
1.96 - -
1.98 770 1.25 x 1072
2.00 815 1.32 x 1072

#Gradually decreasing current after step change in potential.

Experimental note: No limiting curvent reached even up to 3 amps.
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Table 13

STANDARD CELL — UPWARD SCAN
FIGURE 22, #5
Preanodization = 20 minutes at 850 mA
Interelectrode distance = 2.5 cm
t E vs Ref (Volts) I (md) ;t_gA/cng

1.14 0.21 3.45 x 107

1.16 .. .0.30 4.92 x 107°

1.18 0.41 6.72 x 107°

1.20 0.56 9.20 x 10°°

1.22 0.90 1.48 x 107

1.24 1.30 2,13 x 107

1.26 1.70 2.79 x 107

, 1.28 2.20 3.61 x 107
. 1.30 3.30 5.41 x 107
1.32 3.90 6.40 x 107°

1.34 5. 30 8.70 x 107°

1.36 6.70 1.10 x 1074

1.38 8.60 141 x 1074

1.40 12 1.97 x 107

1.42 13 2.13 5 1074

1.44 16 2.62 x 107

1.46 21 3.44 x 1077

1.48 25.5 4.18 x 107°

1.50 30.5 5.00 x 107°

1.52 3.5 5.65 x 107

1.54 40 6.56 x 107"

1.56 46 7.55 x 107

e 3




E ve Ref (Volts)

1.58
1.60
1.62
1,64
1.66
1.68
1.70
1.72
1.74
1.76
1.78
1.80
1.82
1.84
1.86
1.88
1.90
1.92
1.94
1.96
1.98

2.00
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Table 13 (Concluded)

L (mA

53.5
62,5
67
77
87
96
125
130
140
150
160
175
190
200
210

230

240
250
265
275

285

L (Mcop?)
8.77 x 1074
9.90 x 107
1.08 x 1072
1.24 x 1073
1.42 x 1072
1.55 % 1075
2.02 x 1072
2,11 x 107
2,27 x 107
2.43 x 107
2.59 x 1072
2.83 x 1072
3.07 x 1072
3.23 x 107>
3.40 x 107>
3.72 x 1072
3.80 x 107>
3.88 x 1072
4,04 x 1073
4,29 x 107
4.45 x 1073
4.61 % 107

bt




é&'w:. .

. ] l.’l;H '.,sl l!"

oL

ik

L

STANDARD GELL -~ DOWNWARD BSCAN

E vs Ref (Vclts)

2,00
1.98
1.96
1.94
1.92
1.90
1.88
1.86
1.84
1.82
1.80
1.78
1.76
1.74
1.72
1.70
1.68
1.066
1.64
1.62
1.60
1.58

1.56
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Table 14

FIGURE 22, #6
1 (ma)
230 +5
215
205
190
185
175
165
155
145
135
130
120
110
100
79
70
63
56
51
45
40
35

31

3.72 x 1073

3.48
3.32
3.07
2.99
2.83
2.67
2.51
2.35
2.19
2.11
1.94
1.78
1.62
1.28
1.13
1.02
9.06
8.25
7.28
6.47
5.66

5.01
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Table 14 (Concluded)

E vs Ref (Volts) I (mA) i gA/cm2!
| 1.54 26 4,21 x 10~
1.52 23 3.72 x 107
. 1.50 19 3,07 x 10
?1 1.48 17 2.75 x 10
1.46 14 2.26 x 10
1.44 12 1.94 x 10
1.42 8.5 1.38 x 10
1.40 7.15 1.06 % 107
1.38 5.6 9.06 x 107
1.36 4,25 6.87 x 10
1.34 3,30 5.3 x 107>
1.32 2.50 4.04 x 10
1.30 2.10 3.40 x 107°
1.28 1.60 2.59 x 107
1.26 1.25 2,15 x 107
1.24 0.895 1.45 x 10
1.22 0.610 9.90 x 10
1.20 0. 460 7.45 x 10
1.18 0.355 5.75 % 10
1.16 0.250 4.04 x 10
1. 14 0.200 3.23 x 10
1.12 0.140 2,26 x 10
Temp., = 76°F.

Air Flow Rate = 24 cma/sec.
Rel. Hum. = 50%,
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B. Appendix B ~ Sample Calculations.

1. IR loss.

IR = 1ilp

1=2=22h8 o518 1072 a/en?

p = 1.91 ohm cm (ref. 72)

1=25cm

IR = (5.18 x 10" 2 A/en®) (1.91 ohm cm) (2.5 cm)
IR = (.25 volt

The IR corrected anode poteniial is, therefore,

2,00 V-0.25V = 1.75V vs Ref,

2. Water adsorption - mass balance; verification of

steady state current.
0.33 gm!

hr

1 mole

H20 absorption rate he X 3500 sec X

18 gm

5.1 x 10-6 moles 0/sec,

2.55 x 10“6 moles Ozlsec.

now,
0.92 A = how many moles 02/sec?
1A - 1 coul X 1 mole e mole O
sec 97000 coul 4 moled e”

_ coul 1 mole e” moles O
0.92 A = 0.92 sec T 97000 coul 4 moles”e™

= 2,38 x 10_6 moles 02/sec.

2.38 x .10--6 moles Ozlsec.

100% =x = 947

2,55 x 10 -6 moles Ozlsec.

lgee Figure 25.




A

[P S

L A S

- 149 -

0.50
2 gm 112504 samples

0.45 —

0.40

0.351

ion (gm/hr)
o o
XY W
v )
I |

<
A
o

Average Rate of Water Absorpt
o
=
(i

0.10 -

0.05 —

|

Temperatura = 78.8°F,

|

57.2 cm3/sec.

9,7 cm3/sec.

P

27.3 cm3lsec.

5.5 cm3/sec.

L

35 40

45
Average Concentration H

50

2
2774

55

SO4 (wt?)
Figure. 25 WATER ABSORPTION RATE ON H,50, AT DIFFERENT GAS FLOW RATES.

60

a7 g
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Hence, steady state cuirent has been checked by water
absorption data to within 6%.

3, Volume of water absorbed in 5 seconds.

3
- .33 gm hr cm
Ssec hr  © 3600 sec X7g X 5 sec.

4.1 x 10_4 cm3

n

Volume in cell

= 0.1 cm deep X 4 n? x (2.54 cm/inz)

f Vcell
- = 2.58 cm’
F Relative Volumes
v -4
1007 x -8 - 4.1 x 10 _ 4 400362
! v 2.58 cm
1 cell

Volume in diffusion layer

Vd 1 = 0.005 em x 6,19 cm2 = 31 cm3

Relative Volumes

-

v -4 3
5 sec _ 4.1 % lq em” _ 0.13%

Vd.l. 0.31 cm3

100Z x




